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‘ALL men by nature desire to know’ 
Aristotle, Metaphysics1 
 
 
1 As from the beginning: short history of the concept of 
polymorphismi 
  The first known attempts to explain the fact that a substance can exist in 
different physical states can be traced back to the speculations on the 
conceptions of nature in Greek philosophy.  The first observation that all 
observable changes are not merely accidental belongs to Aristotle (384-322 
BC) who developed a philosophical approach to explain natural phenomena, 
such as evaporation or the existence of different states of aggregation. In his 
theories matter is defined as being the capacity to receive “forms”ii (in 
Metaphysics1). The links from philosophical to scientific interpretation of 
nature were done in the following centuries by Aristotle's Hellenistic, Arabian, 
and medieval commentators. The minima naturalia theory (that states that 
each kind of substance has its specific minima naturalia) was developed and 
became the philosophical theory that had the biggest impact on the 
development of modern chemistryiii2.  
  The development of the atomistic theory can be divided in two main 
historical periods: a philosophical one and a scientific one, linked by a 
transition period (between 17th to 19th centuries). Towards the end of the 
eighteenth century experimental observations led to the development of 
thermodynamics as a self-governing science (originally comprising only the 
theories regarding the relationships between heat and mechanical work). The 
scientific debate whether different solid matters have different chemical 
                                                 
i In this introduction I have heavily borrowed from: A. Findlay, A. R. Verma, J. Bernstein, W.D. 
Ross. 
ii Aristotle calls matter (hylē) something that is not a substance, but only the capacity to 
receive “forms.” Since matter is not itself a substance, even the most radical changes are 
possible. Things can change, because one form can supersede another. The most radical 
changes are those in which things receive a new substantial form. In this case their nature 
changes (Metaphysics, written 350 BCE, translation by W. D. Ross). 
iii ‘Based on this theory, some of the properties of matter would depend on the properties of 
the minima while others would depend on the way the minima are joined’, Julius Caesar 
Scaliger, 1484-1558, Dictionary of the History of Ideas, vol. 1, p. 129.  
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compositions was addressed by M. H. Klaproth3,4 who discovered and 
announced that calcite and aragonite have the same (CaCO3) chemical 
composition (1798). His discovery had massive implications on the 
development of the theory of solid-state matter. However, his conclusion was 
not accepted at that time, even though there were scientists that supported 
the idea (Thernard and Biot5, 1809). The work of Eilhardt Mitscherlich on 
arsenates, phosphates6 and sulfur7 (1822, 1823) brought additional evidence 
to sustain Klaproth’s theory: the fact that a substance having a given chemical 
composition can solidify and form different solids with different physical 
propertiesiv. Many other examples of solids that have the same chemical 
composition but differ in physical characteristics followed, at first mainly 
inorganic compounds, but also later organic compounds. 
  Polymorphic transitions were observed for the first time by Frankenheim4,8 in 
1839 who studied the crystallization of potassium nitrate from solution. He 
demonstrated for the first time that the phase transitions can be solvent-
mediated for substances in contact with solutions and that they can be 
induced by scratching or physical contact with another polymorph of the same 
substance. The invention of the polarizing microscope by Amici in 1844 
opened an unexpected door to a wide range of ways to study experimentally 
the phase transitions and, by 1879, polarizing microscopy was extensively 
used by chemists to characterize organic substances. Polymorphic transitions 
received much attention from Lehmann9,10 who classified them into transitions 
reversible upon heating and cooling (enantiotropic transitions) and one-
direction-only transitions (monotropic transitions). However, despite an 
accumulation of experimental data, the observations remained empirical and 
did not yet lead to a specific definition of the phenomenon. 
  An incredible achievement of science in general, and thermodynamics in 
particular, came with the papers of J. W. Gibbs published between 1876 and 
1878, collectively entitled "On the Equilibrium of Heterogeneous 
Substances"11. In his papers Gibbs enunciated for the first time the Phase 
                                                 
iv  Chemistry also owes to Mitscherlich (1794-1863) the enunciation in 1819 of the theory of 
isomorphism (the term describes crystals of different composition which have the same form) 
that was inspired by his observations that phosphates and arsenates crystallize in the same 
form.   
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Rule. His mathematical approach led to the understanding of the relationships 
between phases and phase transformationsv.   
  The discovery of X-Ray diffraction by von Laue (1912), and the first steps 
made in understanding the organization of the atoms in the crystalline 
assembly, gave a new impulse and a new direction to understand the concept 
of polymorphism of solids from a structural point of view.  
  Ever since, polymorphism of solids never stopped being an exciting scientific 
subject and is, despite of the centuries of dedicated research, still not 
completely understood. The list of scientists involved in different research 
areas of solid-state chemistry and solid-state physics that much developed 
the theories associated with the phenomenon is long. Therefore we shall only 
name here (not necessarily in chronological order) the ones that realized the 
importance of it and pioneered this field of research: Wilhelm Ostwaldvi,12, 
Alexander Findlay13, M. J. Buerger14-16 and M. C. Bloom (an examination of  
the historical developments in the research area of polymorphism published 
up to 193717), E. F. Westrum and J. P. McCullough18, W. C. McCrone19 and A. 
R. Verma and P. Krishna4. 
 
2 Definition and occurrence 
  Initially polymorphism was named dimorphism, as it was believed that a 
substance could crystallize and have maximally two different solid 
manifestations. Later it was changed in polymorphism upon accumulation of 
experimental evidence for substances that had more than two solid 
manifestations. A less general term, allotropismvii, was introduced by 
Berzelius to describe the different solid manifestations of chemical 
                                                 
v For one of the earliest overviews of experimental data the reader is referred to Phase Rule, 
a classic book by Alexander Findlay 13. 
vi Among the scientists involved in understanding the phenomenon of polymorphism, Wilhelm 
Ostwald (Nobel Prize in chemistry-1909), one of the founders of physical-chemistry at the end 
of nineteenth century, put a definitive signature on the development of the theoretical 
understanding of the phenomenon of polymorphism. His investigations regarding the relative 
stability of different polymorphs resulted in an unvanquished rule: The Rule of Steps. 
vii Probably the most widely known case of allotropism is that of carbon which can have 
several solid manifestations: graphite, diamond and the later discovered nanotubes and 
fullerenes. Other elements that received much attention are sulfur (the best known allotropes 
are the orthorhombic and monoclinic ones) and phosphor (the main allotropes are named 
according to their colour: white, red and black). 
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elementsviii. At that time, the introduction of the second term divided the 
scientific community, as there were opinions that sustained to abandon the 
term polymorphism in favour of the term allotropism20. Currently it seems that 
the scientific community largely accepts the term polymorphism to describe 
the capacity of a given substance to crystallize in different crystalline states21. 
There are several different definitions of polymorphism. Probably the most 
popular definition of a polymorphic form is the one given by McCrone19: ‘A 
solid crystalline phase of a given compound resulting from the possibility of at 
least two different arrangements of the molecules of that compound in the 
solid state’. To eliminate any ambiguous interpretation of the term 
polymorphism he strengthened the definition with the following constraint: 
‘The basic difference between two polymorphs can occur in the solid state, 
and the difference between any two polymorphs disappears in the melt state.’ 
In this category will also fall the conformational polymorphs. 
 There have been a number of additional terms that were meant to describe 
phenomena related to polymorphism, and the most well known one is 
pseudomorphism. For the first time discussed by McCrone19, the term is still 
used in the pharmaceutical industry in relation to hydrates and other solvates 
of organic substances. The term is not unanimously accepted22, as there is a 
clear difference between the process of desolvation/dehydration and a 
polymorphic transitionix.  Nowadays, the term tends to be replaced by the 
more general term forms. 
  Although the name, as well as the definition of the phenomenon were 
subject to ongoing discussions, the fact that it is an extremely widespread 
phenomenon within the chemistry branches of both inorganic and organic 
compounds was an accepted fact. Findlay states: ‘…the property 
[polymorphism] is now recognized as of very frequent occurrence indeed’13 
                                                 
viii Jöns Jakob Berzelius (1779-1848) divided chemistry into organic and inorganic branches, 
introduced the chemistry symbols that we currently use and introduced much of the basic 
vocabulary of chemistry. 
ix Another difficulty encountered by experimentalists might be to distinguish between a real 
polymorphic system and dynamic isomers. Dynamic isomers (i.e. rapidly interconverting 
isomers) exist in equilibrium in the solid state as well as in the liquid state in a large 
temperature range and therefore should not be confused at all with the polymorphism 
phenomenon, knowing that the differences between polymorphs vanish in the liquid or vapor 
state. Another reason for confusion is the fact that in inorganic chemistry pseudopolymorphs 
are solvates for which the host structure might not depend on the amount of solvent in the 
crystal structure. 
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followed by Buerger and Bloom (1937) who stated: ‘polymorphism is an 
inherent property of the solid state and it fails to appear only under special 
conditions’. The most cited statement that refers to the occurrence of 
polymorphism belongs to McCrone (1965): ‘Every compound has different 
polymorphic forms and in general, the number of forms known for a given 
compound is proportional to the time and money spent on it’. The latter turned 
out to be not only an important scientific affirmation but also a warning for the 
future for those industries that are producing and manipulating organic 
substances with commercial purposes.   
 
3 Theoretical approach 
  To understand the complex phenomenon of polymorphism, both the 
thermodynamic and the kinetic aspects have to be considered. From a 
thermodynamic point of view one deals with a minimal free energy leading to 
the equilibrium of phases. The kinetic aspects of polymorphism comprise 
nucleation theories and growth and transformation rates. The formation of a 
(meta)stable polymorph is  determined by nucleation and growth rates. In 
case of the presence of a metastable phase, the necessity of the phase 
transition to the stable phase occurring is a pure thermodynamic 
consequence. The transformation itself, however, is again a kinetic event that 
is still not completely understood.  
 
3.1 Thermodynamic considerations 
  The thermodynamic theory of equilibrium of states is derived from the Gibb’s 
Phase Rule. Its impact for the physico-chemistry science is probably best 
described by Verma who notes that4: ‘Just as a substance, in general, can 
exist in the solid, the liquid, or the gaseous state, so also a solid formed from 
solution, melt, or vapour phase can crystallize in more than one possible 
structure, depending on the conditions of temperature and pressure prevailing 
at the time of crystallization.’  
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  For a polymorphic system, the degrees of freedom can be calculated 
according to Gibbs’ Phase Rule:  
F = C − P + 2 
where P is the number of phases and, if we refer to a one-component 
systemx, C=1. The relative stabilities of the polymorphs are expressed by the 
Gibbs free energy (G) of the solid configurations: 
G = H − TS 
where H is the enthalpy of the solid modification, T is the absolute 
temperature and S the entropy of the solid. It follows that at T=0K, providing 
that at normal atmospheric pressure the change in volume between the solid 
phases is negligible, the phase with the largest thermodynamic stability will be 
the one that has the smallest enthalpy.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: a) Free energy diagram of an enantiotropic system with two polymorphic forms 
versus temperature; form 1 is the lower melting form (T1 is the melting temperature) and form 
2 the higher melting one (the melting temperature is T2). b) Free energy diagram of a 
monotropic system versus temperature; form 2 is the lower melting form and form 1 is the 
higher melting one. 
 
 
 
                                                 
x If the system in discussion is composed of one type of molecule, then the system is said to 
be a one-component system.  
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  As the temperature rises, the entropy term becomes more important and at a 
certain temperature T>0K the solid modification that has the higher entropy 
will have the minimum Gibbs free energy and therefore will be the most stable 
modification. If the phase transformation occurs, the enthalpy jumps from a 
discrete value to another discrete value. One might assume that there would 
be a number of possible discrete values that the enthalpy of such a 
polymorphic system can have. In practice, due to restriction factors introduced 
by intermolecular bonding in the crystal structures, the system will adopt only 
a few crystalline configurations. 
  The position of the transition temperature Ttransition with respect to the melting 
temperatures determines whether the system is enantiotropic or monotropic. 
A polymorphic system is said to be enantiotropic if the transition temperature 
is below the melting temperatures of the polymorphs (Figure 1a) and 
monotropic if the transition temperature lies above the melting temperatures 
of the polymorphs or is absent (Figure 1b). A. Burger and R. Ramberger 
discuss in detail the relative stabilities of different polymorphs23 and elaborate 
a number of rules of thumb, of which the most important one is the heat of 
transition rule that states that the enthalpy of transition of two enantiotropic 
forms is positive at temperatures above their transition point and negative at 
temperatures below the transition point or between two monotropic forms. In 
Figure 1: 
∆Ht = ∆H1→f − ∆H2→f 
∆Ht enantiotropic> 0 for T>Ttransition  
∆Ht enantiotropic< 0 for T<Ttransition  
∆Htmonotropic<0 for all temperatures 
 
  The authors verified experimentally the generality of the rules on 228 
transitions and presented the data on 113 of these24. They found that the heat 
of transition rule was correct in more than 99% of the cases.  
  Related rules were derived, more relevant for melt and vaporization 
experiments leading to a better understanding of polymorphic behaviour.  
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  Among them we mention: 
1. Entropy of fusion rule25 ( ∆Sf = ∆Hf / Tf): if a modification with the higher 
melting point has the lower entropy of fusion, the two forms are 
enantiotropic, otherwise they are monotropic. 
2. Enthalpy of sublimation rule18: if a modification with the higher melting 
point has the lower enthalpy of sublimation, the two forms are 
enantiotropic, otherwise they are monotropic. 
  Phase transformations in the solid state often have large kinetic barriers, in 
contrast with solution-mediated transformations. Therefore thermodynamical 
equilibrium is achieved faster in solutions and thus the easiest and the most 
reliable way to determine the relative stability of polymorphs is to determine 
their solubilities as a function of temperature in a solvent.  
 
 
 
 
 
 
 
 
Figure 2: Hypothetical polymorphic phase diagram at constant temperature and pressure of a 
system with two polymorphs; the enthalpies of fusion (∆G1f and ∆G2f) and the enthalpies of 
dissolution (∆G1diss and ∆G2diss) are indicated. 
   
 
  The relation between the solubility of polymorphs (Figure 2) of a given 
polymorphic system and the dissolution thermodynamics is expressed by: 
ln x =
RT
Gdiss∆
= –
RT
Hdiss∆
+ 
R
∆Sdiss
 
x = 
solvent mol  solute mol
solute mol
+  
  
∆G(1,2) 
∆G1f ∆G2f ∆Gmix
∆G1diss ∆G2diss
Polymorph 1 
Polymorph 2 
solution 
melt 
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  By plotting lnx versus (1/T) in a Van’t Hoff plot, the enthalpies and entropies 
of dissolution as a function of the temperature of the two polymorphs can be 
determined for the chosen solvent. 
 
3.2 Kinetic considerations 
  Driven by a very large number of experimental observations, in 1897 
Ostwald12 generalized the appearances of the metastable phases in his Rule 
of Stages as follows: ’In all processes it is not the most stable state with the 
least amount of free-energy which is initially obtained, but the one lying 
nearest the original state in free energy.’ His statement proved to be not only 
a perfectly insurmountable affirmation, but also the starting point for the 
research area of kinetics.  
  If one speaks about kinetics, than one considers the mobility kinetics of the 
molecules involved in the crystallization (solvent, solute, impurities and/or 
additives) on the one side and the kinetic barrier of nucleation (3D or 2D 
metastable zone widths) on the other. 
  The nucleation theory mainly deals with 3D nucleation barriers and the 
factors that influence it. Consequently, one speaks about the metastable zone 
widths for nucleation of different polymorphs26. A number of theories 
regarding the influence of so-called tailor-made additives27 in nucleation 
inhibition or promotion28 of different polymorphs gained a considerable 
acceptance in the scientific world and as a result, a theoretical background for 
heterogeneous nucleation was developed29.   
  The theoretical considerations regarding the mobility kinetics of molecules 
involved in a crystallization experiment engage several aspects like viscosity 
of the solvent, interactions of solvent molecules30, impurities and additives27, 
interactions with the crystal or nucleus surfaces and also the orientational 
effect of the solute molecules with respect to the growing crystalline 
surfaces31. Although these aspects are rather compound and solution specific, 
nowadays this area of research is stimulated by the rapid expansion of 
computer simulation techniques, and the availability of computers with 
extremely fast processors. The development of Molecular Dynamics 
Simulations32 as well as surface X-ray crystallography33 allow the study of the 
crystal-solution interface.  
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4 … towards the future 
  ‘ALL men by nature desire to know’, wrote Aristotle. The scientific evolution 
from alchemy to chemistry reflects the efforts of man to understand and 
manipulate the nature. So is the evolution of terminology used in relation to 
modern physico-chemistry, such as crystal engineering. The term was 
introduced in the 1970’s, initially to describe different crystal structures and 
later used for the understanding of the intermolecular interactions and their 
manipulations to design new solids having desired physical and chemical 
properties34, such as pharmaceutical co-crystals. Due to the enormous 
importance of polymorphism in the chemical and pharmaceutical industry, it is 
not surprising that e.g. polymorph prediction is one of the present scientific 
ambitions. In particular, nucleation, a classical topic in crystal growth playing a 
big role in polymorphism, is still far from understood.  
 
5   This thesis: 
  Although theoretical models for heterogeneous nucleation have been 
derived29 and a number of studies regarding the 3D inhibition or promotion of 
polymorphs using pre-defined templates were reported28, the special case of 
2D epitaxial nucleation and growth of (meta)stable polymorphs on specific 
faces of the (meta)stable ones is relatively new and little explored 
experimentally35,36. Therefore it opens new possibilities of understanding and 
controlling the factors that influence the nucleation and growth of polymorphs 
and it is expected to have important consequences for the kinetic phase 
diagram of polymorphs37-39.  
  The work presented in this thesis is focused mainly on the epitaxial growth 
and nucleation on specific faces of both polymorphs of a steroid compound, 
with the abbreviated name 7αMNa. The steroid has two known polymorphs: a 
monoclinic form and a triclinic form that are monotropically related within a 
practical temperature range. The two structures are quite similar in layers 
perpendicular to the [010] direction (see Figure 3) making it possible for either 
polymorph to nucleate epitaxially on the (010) faces of the other polymorph.  
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Figure 3: a) The P21 crystalline structure of the stable polymorph; two unit cells 
along the b axis are shown; b) The P1 crystalline structure of the metastable 
polymorph showing eight unit cells along the b axis. 
 
  This behaviour and the fact that the metastable polymorph nucleates more 
easily leads to a very important practical conclusion: if one would play with the 
size or the number of the available metastable crystals surfaces to be used as 
template for the epitaxial nucleation of the stable polymorph, then one can 
design the outcome of the number and particle size of the final desired stable 
polymorphxi. Consequently, if one would block the growth of these specific 
faces of any of the two forms, then one would hamper the formation of the 
undesired polymorph by stabilizing the growth of the desired one on that 
specific direction as the epitaxial polymorphic nucleation would not or hardly 
                                                 
xi In practice one would have to prevent also secondary nucleation of crystals to completely 
control the particle size and size distribution of a given polymorph. 
a b
c 
b 
c
b
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be possible. Therefore, engineering the crystal growth (i.e. designing the 
crystal size and crystal habit) and the polymorph formed is possible by 
understanding the mechanism of epitaxial nucleation of the polymorphs of a 
given system that preferentially occurs on specific faces. However, in order to 
understand the mechanism of epitaxial polymorphic nucleation, one needs 
also to consider the influence of solvent on the growth habit of the crystals of 
two polymorphs.  The solvent of crystallization can promote or hamper the 
growth of specific faces needed for epitaxial nucleation and will lower or 
enhance the barrier for 2D epitaxial polymorphic nucleation.  
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Abstract 
 
  The extreme polar morphology that has been observed for crystals of the 
stable form of a steroid is explained by a Molecular Dynamics simulations 
approach. The habit modification is caused by surface-solvent interactions, 
which affect the growth rate of the polar faces differently. The same effect was 
observed for the metastable polymorphic form. Depending on the solvent, the 
nature of the difference is mainly caused by the hydrogen bond interactions or 
the electrostatic part of the interactions. 
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1 Introduction 
  Pharmaceutical compounds are mostly produced in crystalline form obtained 
from solution, and the challenge of producing a formulation that has the 
desired properties involves hard work, time and money. An important issue 
concerning drug products is the bioavailability because that has to be well 
characterized and has to be reproducible for any active substance in a 
pharmaceutical product. Many factors influence the bioavailability. One of 
these is the dissolution rate that depends on the crystal size, but also on its 
shape: a rule of thumb is that the faster a crystal orientation grows, the faster 
it dissolves. If the crystal is grown in a different solvent than the one in which 
it will be dissolved, the resulting differences in growth rate may be exploited. 
Furthermore, crystal shape is an important factor in handling product streams 
during manufacturing. Therefore a lot of work in the area of crystal 
engineering has been devoted to control the crystal habit.  
  The crystal habit results from the relative growth rates of its surfaces in 
different directions1. Therefore, preferential growth or inhibition of different 
crystal faces changes the shape of the crystal. Here we discuss a polar 
morphology, a crystal habit that lacks inversion symmetry that can be the 
result of the interaction between the crystal surfaces and the solvent or 
impurities. One approach to control the solution-surface interactions, involves 
the control of the crystal morphology with tailor-made additives2. This 
approach uses the concept of molecular recognition at the interfaces3; the 
crystal favors selective adsorption of the additive at specific crystal faces, 
resulting in growth inhibition for these faces. According to this model also the 
solvent molecules can be considered as “tailor-made” additives. Strong 
solvent-surface interactions should inhibit the growth of the corresponding 
faces as the solute molecules are hampered in reaching the surface. In the 
case of solvent molecules that interact differently at opposite faces, the habit 
will be polar. To understand the mechanism behind this solvent-surface 
interaction we performed Molecular Dynamics (MD) simulations, keeping 
track of the principal components of the interactions. This study showed that 
depending on the solvent the electrostatic surface-solvent interactions can be 
responsible for the resulting polar habit and that, in contrast with common 
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ideas, hydrogen bonding then plays a minor role. We used in both our 
experiments and in the MD simulations two different solvents: one that forms 
hydrogen bonds on both opposite surfaces, and one that does so only for one 
of the surfaces. The results from the MD simulations are in good agreement 
with the experimental results and confirm that the relevant solvent-surface 
interactions are not limited to hydrogen bonding. 
 
2 Experimental observation of the polar morphology 
  The steroid that we have studied, abbreviated here as 7αMNa, is used as an 
active ingredient in medicines for hormone replacement therapy. Two 
polymorphs are known (see Figure 1): form I, a monoclinic P21 structure and 
form II, a triclinic P1 structure4,5 that are enantiotropically related6. The crystal 
morphologies of both polymorphs are highly dependent on the solvent and 
growth conditions. The steroid has two conformations labeled X and Y. The 
triclinic form consists of only conformers X; the monoclinic form has both 
conformers in the asymmetric unit. The A ring of the steroid flips from a 2α3β 
half chair configuration for conformer X into the 2β3α half chair conformation 
for conformer Y.  
  The experiments were performed in-situ using a thermostated growth cell7 
and the growth of the crystals as well as the polymorphic modifications were 
observed with a Zeiss Axioplan 2 polarization microscope. The solutions were 
filtrated using Rezist 30/0.2 PTFE syringe filters of 0.2 µm pore size, though 
the complete elimination of foreign particles is not possible. Nevertheless, we 
expect the latter to have a larger influence on the nucleation mechanism than 
on the growth.  
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Figure 1: The crystal structures of 7αMNa. Left: two unit cells of form I; right: eight unit cells 
of form II. Note the similarity in the layered structure of both forms. 
 
  Early experiments showed that the crystals of form I grown from acetone 
solutions have a plate like morphology with large {010} faces as determined 
by goniometric measurements (Figure 2a) and are in good agreement with 
the theoretical prediction (Figure 2b)8. However the crystals grown from 
alcohols such as methanol and ethanol for both polymorphs have an unusual 
polar habit indicative of a difference in growth rates between the (010) and 
( 010 ) faces (Figure 2c). The two forms could be easily distinguished by 
determining their optical extinction directions using polarization microscopy. 
The polar morphology has to be caused by surface-solvent interactions, 
which affect the growth of the specific faces. To understand the mechanism of 
the surface-solvent interactions, first single crystal X-ray diffraction was 
performed while keeping track of the orientation of the crystal morphology. 
For both polymorphs the orientation of the molecules is such that the large 
( 010 ) faces are terminated by the hydroxyl groups of the molecules whereas 
the small (010) faces contain the carbonyl groups (see Figure 2d). 
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Figure 2: 
 
a. The stable polymorph I in acetone; in a non-silanized cell it grows with the {010} 
faces on the bottom of the growth cell. 
b. Predicted morphology of form I 8; the indices are in correspondence with the grown 
crystal (figure a) as measured by optical goniometry. 
c. Polar crystals of form I grown in a methanol solution. The morphology of crystals 
grown from ethanol/water (80/20%) solutions is similar; also polar crystals of form II 
show this habit. 
d. Indexed morphology of c. The orientation of the molecule in the crystal is indicated. 
e. Crystal of polymorph I grown in acetone solution in a cell with silane-treated walls 
resulting in a crystal lying on a {110} face. 
f. Indexed crystal of figure e. 
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  The ( 010 ) surface also contains the ethynyl groups, but these have only 
weak interactions as compared to the hydroxyls. Thus, for the crystals grown 
from alcohol solutions the solvent molecules appear to block the ( 010 ) 
hydroxyl side. 
  Given these observations, we expected for the crystals grown from acetone 
solution a polar morphology similar to that of the crystals grown in alcohols 
due to the fact that in this case there is only a possibility of hydrogen bonding 
on the ( 010 ) carbonyl side of the crystals. Further experiments using silane 
treated glass, to prevent the crystals from nucleating on the {010} faces, 
showed that the crystals grown from acetone solution indeed also have a 
polar morphology, although less pronounced (Figure 2e, f). In both solutions 
the ( 010 ) faces are preferentially blocked as compared to the (010) faces. 
Considering the fact that methanol should block both (010) and ( 010 ) 
surfaces equally but gives rise to a more pronounced polar habit instead, and 
the acetone should block just the hydroxyl ( 010 ) side but is found to block the 
(010) and ( 010 ) surfaces almost equally, it is clear that the nature of the 
surface-solvent interactions is not limited to hydrogen-bond interactions. 
 
3 Molecular Dynamics simulations 
   We performed Molecular Dynamics (MD) simulations to explain the highly 
polar habit of the crystals grown from methanol solutions as compared to the 
less polar crystals obtained from acetone. The MD simulations were 
performed on the (010) and ( 010 ) faces of polymorph I in contact with 
methanol or acetone using the Cerius2 package9. The crystal surface was 
created using the P21 structure from the CSD4 after energy minimization while 
preserving the symmetry. For the (010) face, the atoms in the two steroid 
rings closest to the surface i.e. the A and B rings of the steroid including the 
carbonyl group (Figure 2d) were allowed to move, while the remaining part of 
the steroid was fixed. During the simulation runs for the ( 010 ) face a similar 
approach was used for the C and D rings and the attached groups. Then, 80 
solvent molecules were placed near the surface at random positions.  
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Molecular mechanics was used to minimize the energy of the solvent layer in 
the solvent box to obtain the starting position of the solvent molecules for the 
MD simulations. All energy calculations were done using the Dreiding-2.21 
force field10 with a ‘spline’ cut-off distance of 10-12 Å for both Coulomb and 
Van der Waals interactions and using Gasteiger atomic charges. The 
simulations were performed at a constant temperature (300K) and constant 
number of molecules for both surfaces, keeping the surface lattice 
parameters fixed. For equilibration, 250ps dynamics was used, followed by 
100 ps dynamics for further analysis. The various energy contributions to the 
interaction between the solvent and the surface were monitored every 0.5 ps, 
by calculating the energies and subtracting those from the values obtained 
after moving the solvent molecules 100 Å away from the surface. This will 
leave all interactions unchanged, except those between surface and solvent 
molecules, which will become zero, thus allowing for the calculation of the 
solvent-surface interaction.  
 
 
 
 
 
 
Figure 3: Snapshot of the MD simulations on the {010} faces of polymorph I using a box of 
32 steroid molecules, arranged in 2 layers of 4x4 molecules. The box dimensions were 26x26 
(surface) x 21 (depth) Å. 
a) Snapshot of MD Simulations for acetone on the ( 010 ) surface. The (short) yellow 
dashed lines indicate the hydrogen bonds and the green square indicates the crystal 
surface. 
b) Snapshot of MD Simulations for acetone on the (010) surface. 
   Figure 3 shows snapshots of the (010) and ( 010 ) interfaces of the 
simulations using acetone as the solvent. The simulations with acetone as 
solvent show hydrogen bond formation (dashed yellow lines) on the ( 010 ) 
hydroxyl side, as expected. On the carbonyl (010) side the acetone molecules 
a b 
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prefer to be oriented with the oxygen atoms pointing in the direction of the 
surface, the molecules forming a dense layer at the surface. The simulations 
with methanol as solvent revealed that the solvent molecules have a much 
stronger interaction with the ( 010 ) hydroxyl side of the crystal as compared to 
the (010) carbonyl side. 
 
 
 
 
 
 
 
 
 
 
Figure 4: Histogram of the various energy contributions for both {010} faces using methanol 
and acetone as solvents. 
 
 
  We analyzed the results looking at the three contributions to the energy of 
the total surface-solvent interactions present in the Dreiding force field: the 
Van der Waals energy, the Coulomb energy, and the hydrogen bond energy. 
To take into account the effect associated with the formation of hydrogen 
bonds, the Dreiding force field has a separate energy term of maximally 11 
kJ/mol, depending on the donor-acceptor geometry. The three contributions 
to the energy as well as the total energy were averaged for each of the four 
MD runs and are summarized in Figure 4. Since a larger interaction energy is 
interpreted as to correspond to a more slowly growing face, a large value 
means a large face. 
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4 Discussion and conclusion 
  The experiments clearly show a relatively larger blocking effect for acetone.  
Looking at the total energy histograms of Figure 4 the MD simulations show 
that the difference in blocking of the opposite {010} faces by the solvent is 
stronger for methanol than for acetone. We can, however, draw no conclusion 
based on the simulations about the absolute blocking effect comparing these 
solvents. For that it would be necessary to perform a similar study for the 
other faces to explain the overall morphology. The paper focuses on the {010} 
faces because from a structural point of view these two faces show the polar 
nature of the polymorph to the largest extent, as a result of the hydroxyl and 
carbonyl groups present at these faces. 
  For the MD simulations with acetone as the solvent, the calculated total 
interaction energy between the solvent and the steroid for the (010) surface 
was smaller than that of the ( 010 ) surface (EtAc(010) < EtAc( 010 )). This 
difference is even larger in the simulations with methanol as the solvent 
(EtMe(010)<<EtMe( 010 )) (see Figure 4).This difference explains the highly polar 
morphology of the crystals grown from methanol solutions, ( 010 ) being 
preferentially blocked over the (010) face. These differences explain also the 
more pronounced polar morphology of the crystals grown in alcohols as 
compared to those obtained from acetone-solutions (Figures 2c and 2e). The 
fact that in acetone the crystals become more plate-like could be due to the 
fact that for the crystals grown from methanol the side faces are blocked more 
effectively than for the acetone grown crystals.  
  Compared to the total interaction energy, the hydrogen bond contributions 
are small in all cases. In case of methanol the differences between the growth 
rates of the (010) and ( 010 ) faces is principally caused by the Coulomb 
energy, followed by the Van der Waals contribution. In case of the acetone 
however, the calculated electrostatic energy for the (010) carbonyl surface is 
slightly larger than that of the ( 010 ) hydroxyl surface (Figure 4), but the 
difference is canceled by the difference in the Van der Waals energy. The 
hydrogen bond energy in case of acetone has the largest effect for the polar 
morphology.   
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  The surface configurations of the (010) and ( 010 ) faces of form II are very 
similar to those of form I (see Figure 1)8. Thus, even though MD simulations 
were only performed for form I, the calculated interaction will be similar. This 
is in agreement with the experiments as the polar character of the 
morphology turns out to be independent of the polymorphic form. 
  In conclusion, we have studied the experimental polar habit modification in 
methanol and acetone solutions using MD simulations. We have found that 
not only hydrogen bonds but also electrostatic and Van der Waals 
interactions between surface and solvent have to be taken into account to 
explain the polar morphology. 
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Abstract 
  We present in-situ observations of the epitaxial nucleation of the metastable 
polymorph of a steroid on specific faces of the stable form in different 
solutions using optical microscopy. The polar morphology of the crystals 
allows for the determination of the specific face where the epitaxial nucleation 
takes place. The observations prove that there is a different barrier for 2D 
epitaxial nucleation of the metastable polymorph on the opposite polar faces. 
In-situ Raman measurements are used to confirm the structure of the 
epitaxially growing crystals. The metastable zone width and the role of the 
solvent in this process are discussed. The relatively large lifetime of the 
metastable polymorph in ethanol-solutions is exploited to determine the 
solubility curves of the bulk phases of both polymorphs. The relation between 
the solubility of the two polymorphs in different solvents and the polymorphic 
transformation rate is discussed. 
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1 Introduction 
  If a molecule crystallizes in different crystalline structures it is said to exhibit 
polymorphism1. Polymorphism is a frequently encountered phenomenon, in 
particular for organic materials. The different properties that characterize the 
polymorphs of a substance when used as an ingredient in, for example, 
pharmaceuticals, have significant implications in the production of the desired 
ingredient2.  
   For a system that obeys Ostwald’s rule of stages3, the metastable form is 
expected to be obtained first. Subsequently, the metastable polymorph tends 
to transform to the stable one. The finite lifetime of the metastable polymorph 
is a result of a kinetic barrier for this transformation. In case of a small kinetic 
barrier the transition can take place in the solid state. Many examples of solid-
solid transitions are known but in case of polymorphic systems involving 
reasonably large molecules the barrier is often so high that this transition is 
rather difficult and far from instantaneous. If the system is still in contact with 
the solution the transition is expected to be faster, for example via a 
dissolution-recrystallization process, the role of which depends on the kinetics 
of the process4. The dissolution and crystallization rates depend on 
parameters like the solubility of both polymorphs, the actual concentrations 
and the kinetics of the dissolution of the metastable polymorph and 
crystallization of the stable one.  
  For a given polymorphic system to nucleate, however, a 3D nucleation 
barrier is to be overcome by any polymorph5,6. If a metastable form appears 
its nucleation barrier is expected to be lower than that of the stable 
polymorph. Related to the nucleation barrier is the metastable zone width, 
which is a measure of the supersaturation needed for crystals to be detected 
within a practical time scale. The higher the nucleation barrier the larger the 
metastable zone width of the polymorph is. Compared to the case of 
homogeneous nucleation this width can be lowered if a polymorph nucleates 
heterogeneously on surfaces or interfaces that are in contact with the 
solution. Ordinary heterogeneous nucleation can also take place on surfaces 
that belong to another polymorph of the same substance already present in 
the solution; many examples are known7,8. In the special case of epitaxial 
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nucleation, however, there is a structural relationship between the two 
polymorphs leading to a well-defined orientation for the epitaxially nucleating 
form. Boistelle and Rinaudo9 were the first to report on epitaxial nucleation of 
polymorphs for the case of uric acid crystals. Epitaxial nucleation of the 
metastable form on the stable one was later also found for other 
compounds10,11. In the case of epitaxy, the nucleation process can be 
considered as 2D instead of 3D. The corresponding nucleation barrier is 
expected to be much lower. This was recently found for the steroid also 
studied in the present paper10. There, the metastable polymorph nucleated 
epitaxially on specific faces of the stable form in acetone solutions, followed 
by a fast transformation to the stable form. This can be considered as a 2D 
version of Ostwald’s rule of stages. From these experiments it was clear that 
the epitaxial nucleation took place on one specific {010} crystal face. It was, 
however, not possible to determine which of the polar faces, the (010) or the 
( 010 ) face, was involved and whether the epitaxial nucleation was limited to a 
single face. 
  In the present paper we study the 2D epitaxial nucleation of the metastable 
polymorph on specific faces of the stable form of the same steroid in ethanol-
water solutions. The crystals of the stable form grow in a polar morphology. 
The supersaturation threshold for the epitaxial nucleation differs for the 
opposite {010} faces that determine this polar morphology. The polar 
morphology is caused by different surface-solvent interactions for the 
opposite {010} faces as was reported recently12. Here we use the results of 
that paper to determine at which face the epitaxial nucleation takes place and 
discuss the kinetical barrier for this process. 
  The lifetime of the metastable polymorph in ethanol-water solutions turns out 
to be much longer when compared to acetone solutions, resulting in an 
epitaxial layer that can be considered as a bulk metastable form. This allows 
a reliable determination of the solubility curve of this polymorph.  
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  The steroid (abbreviated as 7αMNa; Fig. 1) crystallizes in two known 
crystalline structures: a monoclinic P21 structure13 (reference code ciyril00 in 
the Cambridge Structural Database) and a triclinic P1 structure14 (reference 
code ciyril01). The P21 structure has 4 molecules in the unit cell arranged in a 
XYXY succession and the P1 structure contains one X molecule in the unit 
cell as can be seen in Figure 2. The two polymorphs have been reported to 
be enantiotropically related with a transition temperature far below room 
temperature10. At room temperature the P21 structure is the stable one and 
we will call it the stable form from now on, while the triclinic one will be 
b b
a b 
Figure 1: The (7α,17α)-17-
hydroxy-7-methyl-19-nor-17-
pregn-5(10)-en-20-yn-3-one 
(7αMNa) steroid 
Figure 2: The polymorphic forms of 7αMNa: 
a. the monoclinic structure 
b. the triclinic structure; four unit cells are 
shown. 
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identified as the metastable form. The metastable polymorph is always 
obtained first in all solvents studied so far. In polar solvents like acetone and 
acetonitrile it transforms on a time scale of minutes to the stable form 
resulting in a habit that exhibits large {010} faces (Fig. 3a). In ethanol and 
methanol solutions this transformation takes hours. For apolar solvents like 
benzene and hexane the transformation was not observed resulting in a 
needle habit of the metastable polymorph15, but also in a chunky habit from 
toluene (Fig. 3b).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  
a. Typical habit of the stable polymorph obtained in acetone solutions showing large 
{010} faces; 
b. Habit of the metastable polymorph obtained in toluene solutions. 
 
 
 
2 Experimental  
  The starting material had the stable polymorph structure. We used as 
solvents ethanol, ethanol-water and acetone of p.a. purity. The solutions were 
filtrated with Rezist 30/0.2 PTFE syringe filters of 0.2 µm pore size to 
minimize other heterogeneous nucleation sources. 
  The experiments were performed using an in-situ setup composed of a 7 ml 
closed cell which is temperature controlled by a water bath. The cell was 
silenized using dimethyldichlorosilane to reduce the interaction of the crystal 
faces with the glass cell; in this way a number of crystals nucleate in an 
a b 
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orientation that allows monitoring both polar {010} faces12. The pressure 
inside the cell was kept sufficiently constant by including a small air bubble in 
the cell. For in-situ observation of the growth as well as the polymorphic 
behavior of the crystals a Zeiss Axioplan 2 Polarization Microscope was used.  
  The Raman setup (Renishaw System 1000) consisted of a micro-Raman 
spectroscope using an Ar-ion laser (514.5 nm) with an output power of 50 
mW, a focused laser beam diameter of a few µm and alternatively an 
excitation wavelength of 785 nm. It was used in conjunction with a 
microscope therefore very convenient when looking to a particular crystal 
surface. The Renishaw RM Series Raman microscopes are inherently 
confocal, allowing for the collection of a signal from a small volume of the 
sample, even when that volume lies deep within the sample. The in-situ 
Raman setup consisted of an open cell with double walls connected to a 
temperature controlled water bath. An immersion objective was used to 
record the Raman spectra. Three regions are relevant for the distinction 
between the polymorphs of 7αMNa: 1600 to 1800 cm-1, 2100 cm-1 and 2900 
cm-1. For clarity we only present the first one in this paper, but the other 
regions were measured as well. 
 
3 Results  
  In the following we present the experiments done in pure ethanol solutions. 
The supersaturation is defined as σ = (c – ceq)/ceq, where c is the actual solute 
concentration and ceq is the equilibrium solute concentration at the given 
solution temperature. It was determined from the solubility data presented in 
the following section. We will use the notation σ(P21) and σ(P1) to indicate the 
supersaturation with respect to the stable and metastable equilibrium 
concentrations respectively. Similar results from ethanol-water solutions 
(80/20%) and acetone solutions are also presented for comparison. 
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Figure 4: Solubility data of 7αMNa in ethanol solution for the stable monoclinic polymorph 
and the metastable triclinic one. The concentration is given as the mol fraction x7αMNa. The 
inset shows schematically the metastable zone widths (σ∗) for the 2D and 3D nucleation of 
the metastable polymorph. 
 
 
3.1 Determination of the solubility curves for ethanol solutions 
  The equilibrium temperature of the stable polymorph was determined by 
preparing solutions of various concentrations, with just one crystal present. 
This crystal was carefully partially dissolved until a small seed was left and 
then the temperatures at which this seed would neither grow nor dissolve was 
determined. For the determination of the metastable polymorph equilibrium 
temperature we allowed only one crystal of the stable polymorph to grow 
slowly (σ(P21) = 0.1–0.3) until it had a reasonable size that would allow us to 
discriminate between the specific faces. According to the method previously 
described, the supersaturation was then increased in order to have rapid 
epitaxial nucleation of the metastable polymorph. When the metastable 
polymorph nucleated on the (010) side of the polar crystal it was partially 
dissolved down to a small epitaxial seed and then monitored for a few hours. 
The average temperature at which the metastable polymorph crystal did not 
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grow or dissolve was again taken as the equilibrium temperature. Figure 4 
shows the results. Due to the long life time of the metastable polymorph in 
ethanol solutions15 and its finite thickness it is safe to assume that the 
determined metastable polymorph equilibrium temperature is the same as 
that of a bulk metastable polymorph present in solution. The difference 
between the solubility temperatures of the polymorphs is found to be 
approximately 6.5±0.5°C for the entire temperature range investigated. 
  Using the van’t Hoff relation: lnx=−
R
∆S
RT
∆H dissdiss +  for the solubility curves of 
Figure 4 we determined the dissolution enthalpies and dissolution entropies of 
both polymorphs:  
 
                     ∆HdissP21= 24.1 ± 1.5 kJ/mol, ∆SdissP21= 42.5 ±0.5 J/Kmol; 
                     ∆HdissP1= 23.9 ± 1.6 kJ/mol, ∆SdissP1= 43.8 ± 0.6 J/Kmol. 
 
3.2 Growth of the stable form  
  In the solvents used here the metastable polymorph always nucleates first. 
The morphology of the crystals exhibits twinning, but the details concerning 
this are presented elsewhere15. 
  Once the metastable form crystals are present in solution, on decreasing the 
supersaturation, the stable polymorph nucleates epitaxially on one of the two 
individuals of the twinned metastable form crystals. Above the equilibrium 
temperature of the metastable polymorph the twins dissolve while the crystals 
of the stable form grow. The remaining single crystals of the stable form 
structure are the starting point for the present study. These crystals have a 
polar morphology that is very pronounced for pure ethanol solutions (see 
Figure 5a,b). For ethanol-water (80/20%) solutions the difference in growth 
rate of the {010} faces is somewhat smaller (Figure 5c,d). The polar 
morphology results from a stronger interaction between the ethanol molecules 
and the hydroxyl groups of the steroid molecule pointing out of the ( 010 ) face 
as compared to the interaction with the carbonyl groups which determine the 
fast growing (010) face12.  
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3.3 Epitaxial 2D nucleation of the metastable form on the stable one        
  The polar crystals of the stable polymorph obtained in pure ethanol solutions 
according to the method of the previous section were used as templates for 
heterogeneous polymorphic nucleation. To minimize the changes in the 
solution supersaturation as a result of the growth we first dissolved all crystals 
but one, which was subsequently regrown using a supersaturation of 
σ(P21)=0.15 in order to get a convenient size.  
  Epitaxial nucleation was induced by raising the supersaturation in time by 
cooling down the system at a rate of approximately 5°C/min (Figure 6). The 
nucleation started first on the fast growing carbonyl (010) face at σ(P1)=0.4 
corresponding to σ(P21)=1.1. For very high supersaturation (σ(P1)=0.8; 
σ(P21)=2), the nucleation started also on the hydroxyl ( 010 ) face.   
a b   
d 
Figure 5: 
 
 
a. Typical habit of the stable 
polymorph crystals grown in 
ethanol solutions; the 
metastable polymorph is 
already dissolved; 
b. Indexed crystal of panel a 
using an optical goniometer; 
 
 
 
 
c. The crystals of the stable 
polymorph in ethanol/water 
(80/20%) solutions show a 
larger (010) face as 
compared to the ones grown 
in ethanol solutions; 
d. Indexed crystal of panel c 
using an optical goniometer. 
c 
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Figure 6: In-situ time lapse images in polarized light of the nucleation and growth of the 
metastable polymorph on the {010} faces of polar crystals of the stable form in ethanol 
solutions. The supersaturation increases in time. Nucleation takes place first (σP1=0.4, 
σP21=1.1; 0 minutes) on the sharp carbonyl (010) face and begins on the large hydroxyl 
( 010 ) face when the solution reaches a high supersaturation (σP1=0.8, σP21=2; 8 minutes). 
 
 
  To be able to probe which polymorph nucleated we used Raman 
spectroscopy. The crystals of the stable form present narrow {021} faces but 
large {100} faces (Figure 5b). As a result they are generally lying either on the 
{100} faces in the experimental cell or they point with the (010) carbonyl face 
to the glass cell. Therefore we designed a special experiment to measure in-
situ Raman scattering from the (010) face. We grew crystals of the stable 
polymorph at low supersaturation having a polar shape (σ(P21)=0.26). We 
0 min 1 min 2 min 3 min 
6 min 7 min 8 min 
12 min 14 min 16 min 
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separated the crystals from the solution by adding fluorohexane, which is 
denser than ethanol and does not dissolve the steroid. Thus we avoided a 
shut-off effect, which often results in an uncontrolled nucleation on the crystal 
facets, due to the fast evaporation of the remaining solvent on the crystals 
when removed from the solution. After checking ex-situ with Raman that the 
only signal that we obtained on the (010) surface was from the stable form, 
we fixed the crystal on a small plate holder with the (010) face pointing up and 
placed it in a temperature controlled open cell. The cell was filled with a 
slightly undersaturated ethanol solution. The laser light was continuously 
focused on the (010) surface and the temperature decreased slowly 
(1°C/min). Although the surface topology changed as the supersaturation 
increased, for a large range of temperatures only the stable polymorph was 
detected. After the solution reached a high enough supersaturation we 
recorded a Raman signal that showed that in addition to the stable form also 
the metastable polymorph was present. Figure 7 shows the nucleation and 
growth of the metastable polymorph on the carbonyl (010) surface. The time 
scales of Figures 6 and 7 can not be compared as the cooling rates differ and 
the solvent evaporated from the open cell. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Time-lapse in-situ Raman analysis of the carbonyl (010) surface during epitaxial 
nucleation and growth of the metastable polymorph on the stable one in pure ethanol 
solution. The first trace was recorded approximately 30 minutes after the temperature was 
decreased. The two lower traces are in-situ reference spectra. 
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  Experiments in ethanol/water (80/20%) solution show that the nucleation 
and growth of the metastable form also starts on the fast growing carbonyl 
(010) surface, but no growth of the metastable form on the ( 010 ) face takes 
place. Figure 8 shows crystals of the metastable polymorph that are clearly 
not epitaxially oriented, nucleated on the (010) face of the stable form crystal. 
 
 
 
 
 
 
 
Figure 9: 2D epitaxial nucleation of the metastable polymorph on the {010} faces of a stable 
polymorph crystal grown from acetone solution in a non-silenized glass cell; the metastable 
form appears first on the (010) face that lies on the glass cell. The metastable polymorph is 
dark under the polarization microscope. On the top ( 010 ) side of the crystal the metastable 
polymorph is also nucleated but in a later stage. 
   
  We found that for acetone solutions the metastable polymorph, as in 
ethanol, nucleates and grows first on the (010) face that now lies on the glass 
cell (Figure 9). It can be seen that these metastable epitaxial crystals are 
rather big, while on the ( 010 ) face a much smaller crystal of the metastable 
polymorph, that nucleated later, is visible. 
 
Figure 8: 
 
In-situ observation of the nucleation of randomly 
oriented crystals of the metastable polymorph 
on the carbonyl (010) fast growing face of the 
stable form in ethanol-water (80/20%) solutions; 
the stable polymorph crystal is extinct under the 
polarization microscope. 
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4 Discussion 
  The threshold value of the supersaturation needed to observe 2D epitaxial 
nucleation of the metastable polymorph on the {010} faces of the stable form 
of the steroid, σ∗EtOH(P1)>0.4, is considerably smaller than the 
supersaturation needed for 3D nucleation of the metastable form in ethanol 
solutions which is σ∗3DEtOH(P1)>2.5 in an experimental time of 24-48 hours. 
This shows that, indeed, the metastable zone width of the metastable form is 
considerably lowered by the 2D epitaxial nucleation mechanism (Table 1; see 
also the inset to Figure 4). 
   
  
Ethanol 
 
Acetone 
Nucleation 
type σ(P1) σ(P21) σ(P1) σ(P21) 
2D/(010) 0.4 1.1 ≈0 0.13 
2D/( 010 ) 0.8 2   
3D >2.5    
 
Table 1: The table compares the supersaturations needed to obtain 2D epitaxial nucleation of 
the metastable polymorph on the {010} faces of the P21 form crystals in ethanol and acetone 
and 3D nucleation of the metastable polymorph. No data were obtained for the grey areas. 
 
 
  The 2D epitaxial nucleation of the metastable polymorph on the {010} 
surfaces of the stable one was previously observed in acetone solution10. As 
initially those crystals were grown in non-silenized glass cells, they, as turned 
out later12, always lay on the (010) face. As a result, the nucleation and 
growth on this face was inhibited.  As the growth of the ( 010 ) face is strongly 
obstructed by the solvent molecules, the end result is a plate-like habit of the 
crystals of the stable polymorph. The nucleation and growth on the 
metastable polymorph was observed on the {010} faces, but a detailed 
description of the phenomenon could not be given because of the difficulty, in 
the early experiments, of distinguishing between the two {010} faces. We 
showed in section 3.3 that the epitaxial nucleation of the metastable 
polymorph in ethanol solution takes place on the (010) surface first. This is in 
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accordance with earlier findings when explaining the polar morphology. Both 
for ethanol and acetone solutions the solvent hampers the 2D nucleation and 
growth for the {010} faces, the (010) face being hampered less strongly than 
the ( 010 ) face12. At higher supersaturations the solute molecules will reach 
the surface with a higher frequency, which for high enough supersaturation 
will result in the 2D epitaxial nucleation and growth of the metastable 
polymorph on the (010) face and for even higher supersaturations also on the 
( 010 ) faces. In the case that water is involved too, as was the case for the 
80/20% ethanol-water solutions, it seems that the epitaxial nucleation of the 
metastable polymorph on the (010) surface is even more hampered leading to 
randomly oriented metastable crystals, while on the ( 010 ) face no nucleation 
was observed at all. This indicates that the water molecules (or at least the 
combination of water and ethanol) are even stronger inhibitors of the growth 
of both faces than pure ethanol or acetone. 
  The experiments performed in acetone solutions showed that the metastable 
polymorph transforms rather quickly to the stable one after the epitaxial 
nucleation10. The presence of the stable polymorph in contact with the 
acetone turned out to speed up the transformation. In ethanol/water solutions 
the metastable polymorph is persistent for a much longer time, even when in 
contact with the monoclinic polymorph15. The solubility curves show that the 
steroid is more soluble in acetone than in ethanol/water solutions (ratio 2:1). 
This is another proof of a general rule: the more soluble a substance in a 
solvent, the faster the transformation from the metastable form to the stable 
one. An explanation is the larger exchange rate of molecules between the 
solution and solid phase for higher solubilities. The same relation was found 
for sulfamerazine16. 
  The solubility also affects the metastable zone width. Very recently Sangwal 
and Mielniczek-Brzoska showed that the effect of decreasing the solubility by 
changing the solvent results in an increase of the interfacial energy/tension 
and consequently in an increase of the metastable zone width17. This aspect 
was largely investigated for different inorganic systems18 but to our 
knowledge just for few organic systems19,20. If we generalize this relation 
between the metastable zone width and the solubility to the present case of 
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2D epitaxial nucleation we can again compare the situation for ethanol and 
acetone. In acetone solution the threshold value of the supersaturation 
needed to observe the 2D epitaxial nucleation and growth of the metastable 
polymorph on the (010) face of the stable form is σ∗AC(P21)≈0.1310. This value 
was almost equal to the distance between the solubility curves of the two 
polymorphs, indicating a very small metastable zone width for the epitaxial 2D 
nucleation process. In ethanol solutions σ∗EtOH(P21)≈1 (Table 1) which is 
much larger than the distance between the solubility curves. 
  Concerning the dissolution enthalpy and entropy determined from the 
solubility curves we can compare these with the same quantities as found for 
acetone solutions10: 
 
∆HdissP21= 17.3 ± 0.5 kJ/mol, ∆SdissP21= 28.0 ± 0.1 J/Kmol; 
                      ∆HdissP1= 18.3 ± 0.6 kJ/mol, ∆SdissP1= 32.7 ± 0.1 J/Kmol. 
 
  Because, at a given temperature, the Gibbs free energy of any polymorph is 
the same when dissolved in a solvent, the difference in Gibbs free energy 
∆∆G between the two polymorphs equals the difference in dissolution free 
energy, that is, ∆∆G=∆Gdiss(P21)−∆Gdiss(P1). So, at a given temperature, ∆∆G 
determined as such should be independent of the solvent used5. Using the 
values determined for ethanol solutions at a typical experimental temperature 
of 300K we calculate ∆∆G(EtOH) = 0.6 kJ/mol. For acetone solutions the 
difference in dissolution free energies at 300K is ∆∆G(AC) = 0.4 kJ/mol. The 
difference between these values, though rather large, indeed lies within the 
experimental error.  
  If we determine the transition temperature between the polymorphs from the 
solubility data by extrapolation we find a negative temperature which would 
imply that the P21 polymorph is the stable form for all temperatures. For 
acetone a transition temperature of 121 K was found. The discrepancy is 
probably due to the rather severe restriction of the fit to the classical Van ‘t 
Hoff relation when extrapolating to temperatures far below the experimental 
ones. 
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5 Conclusions 
  We have studied a particular case of epitaxial heterogeneous nucleation of 
the metastable polymorph of a steroid on two, specific opposite faces of the 
stable form. Because the solution molecules hamper the growth of these 
faces differently the crystals grow in a polar habit. As a result the metastable 
polymorph nucleates preferentially on the less hampered face that is the fast 
growing (010) face. In-situ observations and Raman measurements showed 
that this heterogeneous epitaxial nucleation of the metastable polymorph 
takes place before ordinary kinds of heterogeneous nucleation of the 
metastable polymorph on foreign entities in the solution for not too high 
supersaturations. This, together with the transition to the stable form in time, 
is a 2D version of Ostwald’s rule of stages. The solution containing water 
turned out to be most effective in suppressing heterogeneous epitaxial 
nucleation. The determination of the specific faces of the stable polymorph on 
which the epitaxial nucleation of the metastable form takes place can be 
exploited for the selection of the desired polymorph. In this light, 
heterogeneous nucleation processes and specifically epitaxial ones are of 
fundamental importance in polymorphic systems with possible applications in 
industry. Comparing acetone and ethanol as solvents we argued that the 
higher solubility of 7αMNa in acetone lowers the metastable zone width for 
the epitaxial polymorphic nucleation. Moreover, the transition from the 
metastable polymorph to the stable one turns out to be faster the higher the 
solubility. This might be a general rule, which needs further research. 
  The reverse process for which the stable polymorph nucleates epitaxially on 
the metastable polymorph, which was only briefly discussed here, is the 
subject of a different publication15.  
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Abstract 
  This paper presents in-situ observations of the epitaxial nucleation and 
growth of the stable polymorph of a steroid, 7αMNa, on a specific face of the 
metastable form at low supersaturation, using optical microscopy and in-situ 
Raman spectroscopy. The presence of the metastable polymorph is essential 
for the nucleation and growth of the stable one. The order of the metastable 
zones of the stable and metastable polymorphs is reversed for the epitaxial 
growth process as compared to the case of 3D nucleation. The rate of 
transformation of the metastable polymorph to the stable one can be 
controlled by the supersaturation.  
                                                 
∗ N.V. Organon, P.O. Box 20, 5340 BH Oss, The Netherlands 
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1 Introduction  
  Polymorphism is a common phenomenon, frequently encountered in 
crystallization processes in the pharmaceutical, dyes and food industries. It is 
defined as the ability of a substance to crystallize in more than one crystal 
structure1. All the polymorphs of a substance have the same chemical 
composition but different physico-chemical properties due to the differences 
in the crystal structures. Owing to the differences in properties, a proper 
understanding of the polymorphic phase behavior is very important, especially 
for the pharmaceutical industry2,3. According to Ostwald's rule of stages 
compounds that exhibit polymorphism crystallize first in their metastable 
forms4. The metastable zone width (that is the supersaturation needed for 
crystals to be detected in a given time) of the stable form is, thus, larger than 
that of the metastable form. After crystallizing, the metastable form will 
undergo a transformation to the most stable polymorph, possibly via 
intermediate forms. This transformation is often solution-mediated5,6. The 
metastable zone width depends on many parameters like the time allowed for 
the system to nucleate, the temperature but also on the nucleation 
mechanism. Generally the metastable zone width is smaller for 
heterogeneous nucleation as compared to homogeneous nucleation. For 
heterogeneous nucleation the metastable zone width depends on the 
properties of the nucleation surface, being either the crystallization vessel 
wall, dust particles or other foreign entities.  
  A special kind of heterogeneous nucleation, for which the metastable form 
nucleates epitaxially on the surface of the stable one beyond a threshold 
supersaturation, was first observed and discussed for the two modifications of 
uric acid crystals5 and recently for a steroid7,8. Epitaxial polymorphic growth is 
due to the resemblance of the two polymorphic crystal structures along 
certain orientations9,10. Epitaxial nucleation should not be confused with 
ordinary heterogeneous nucleation of polymorphs on top of each other11,12. 
Epitaxial nucleation of the metastable polymorph can be considered as a 2D 
version of Ostwald’s rule of stages. Also the transformation of the metastable 
form to the stable one has been observed both for the uric acid5 and for the 
present steroid7, 8.  
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  It is generally believed that Ostwald’s rule of stages is a rule of thumb and 
not a law. Although many authors mention this, it is hard to find genuine 
experimental exceptions to the rule. We found no example in the literature, for 
which the metastable form is found for high supersaturations, while the stable 
polymorph is formed at low supersaturations. Here we report on epitaxial 2D 
nucleation and growth of the stable form on specific faces of the metastable 
one, for relatively low supersaturations for the same steroid mentioned above. 
This is the reverse process of the one reported before7,8. We will show that, 
for the present case, the 2D version of Ostwald’s rule of stages does not 
apply for low supersaturation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2  The steroid  
  The steroid, to be abbreviated as 7αMNa (in full (7α,17α)-17-hydroxy-7-
methyl-19-nor-17-pregn-5(10)-en-20-yn-3-one) (Fig. 1), is used as an active 
ingredient in drugs for hormone replacement therapy. Two polymorphs are 
known: a monoclinic P21 structure (reference code ciyril00 in the Cambridge 
Structural Database) and a triclinic P1 structure (reference code ciyril01) (Fig. 
2)13,14. At room temperature, the monoclinic structure is the stable polymorph. 
O
H
H
H
OH Chiral
Figure 1:The (7α,17α)-17-hydroxy-7-
methyl-19-nor-17-pregn-5(10)-en-20-
yn-3-one steroid 
a b 
Figure 2: The two polymorphs of 
7αMNa; 
a.  Form I: the P21 monoclinic 
structure has four molecules 
in the unit cell 
b.  Form II: the P1 triclinic 
structure has one molecule in 
the unit cell 
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It has 4 molecules in the unit cell arranged in a XYXY sequence, where X and 
Y are the two conformers of the molecule. The triclinic structure contains one 
X molecule in the unit cell. Along the b-axis the monoclinic structure can be 
considered as being built-up of layers of the triclinic conformer X intercalated 
by comparable layers of the other conformer Y. The metastable polymorph 
always nucleates first. The P21 form is obtained from polar solvents like 
acetone and acetonitrile resulting in a plate-like habit, after the metastable 
polymorph has been either transformed or dissolved (Fig. 3a). The P1 
polymorph is stable for a very long time in apolar solvents like benzene and 
hexane, resulting in a needle habit (Fig. 3b), but also in an isometric habit 
from toluene. The two polymorphs are monotropically related within the 
practical temperature range8.   
 
 
 
 
 
 
Figure 3: Typical crystal habits of 7αMNa: 
a. The stable polymorph I in acetone; it always grows with an {010} face on the bottom of the 
growth cell; 
b. The metastable polymorph II in hexane. 
 
3 Experimental 
3.1  Materials 
  N.V. Organon supplied the steroid. The starting material had a monoclinic 
P21 structure corresponding to the stable polymorph. Ethanol of p.a. purity 
was used as a solvent. The solutions were filtered with Rezist 30/0.2 PTFE 
syringe filters of 0.2 µm pore size, in order to reduce heterogeneous 
nucleation on foreign particles. The concentrations used ranged from 70 to 
100 mg/mL. 
 
a b 
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3.2  Experimental setup 
  The experimental setup is an “in-situ” growth cell composed of a 7 mL 
closed cell that is temperature controlled using a water bath. The cell was 
silanized using dimethyldichlorosilane to reduce the interaction of the polar 
{010} steroid crystal faces with the glass cell15. In this way the epitaxial 
nucleation and growth could also take place on the bottom face of the crystal. 
From the solubility data of both polymorphs in ethanol8 the supersaturation σ 
can be specified for each polymorph. A Zeiss Axioplan 2 polarization 
microscope was used to observe in-situ the growth of the crystals as well as 
the polymorphic behaviour. 
  The polymorphic modifications and the transformation of the metastable 
polymorph were determined with Raman spectroscopy. The Raman setup 
(Renishaw System 1000) consisted of a micro-Raman spectroscope using an 
Ar-ion laser (514.5 nm) with an output power of 50 mW, a focused laser beam 
diameter of a few µm and alternatively an excitation wavelength of 785 nm. 
The in-situ Raman measurements were done using a special open cell 
connected to a temperature-controlled water bath and an immersion objective 
to lower the background signal of the solution. Three regions are relevant for 
the distinction between the two polymorphs of 7αMNa: 1600 to 1800 cm-1, 
2100 cm-1 and 2900 cm-1.  
 
4  Results  
4.1 3D-nucleation and growth of the metastable form 
  Following Ostwald’s rule, for a solution that is supersaturated with respect to 
both polymorphs the metastable form is expected to nucleate first. In-situ 
Raman measurements on the first crystals nucleated at large undercooling 
confirmed this for the present system. Optical polarization microscopy 
showed that these crystals exhibit twinning (see Figure 4a). The X-ray 
structure determination that was performed on one of the individuals after 
cutting the twin along the twin plane confirmed that the analysed crystal was a 
single crystal of the metastable form. The twin plane and the face indices of 
the twinned crystal were determined using an optical goniometer mounted on 
the single crystal X-ray diffractometer. In order to be able to compare both 
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polymorphic forms more easily an alternative setting for the metastable form 
structure was chosen according to a’=a, b’=(-c) and c’=b 9. Figure 4b shows 
an indexed twin. Twinning occurs about a 180° rotation axis with {h0l} as the 
composition plane. A further search for the most favorable position of the 
steroid molecules using the Cerius2 program led to {101} as the most 
probable indices for that plane (Figure 5). The calculated reentrant angle 
between the twins is about 18 degrees.   
 
 
 
 
 
 
 
 
Figure 4: 
a) Twinned crystal of the metastable form observed in-situ in polarized light; one 
individual of the twin is in the extinction orientation.  
b) Indexed twin; the indices of the twinned crystal were determined with the aid of an 
optical goniometer on the single crystal X-ray diffractometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: The orientation of the molecules with respect to the twin plane; the stable P21 form 
nucleates on the (010) carbonyl terminated face of the metastable P1 form. 
a b 
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Figure 6: 
a) In-situ micrograph of the 
two forms during growth of 
the stable form and 
dissolution of the metastable 
one using polarized light. 
The two forms have different 
extinction directions being 
alternatively light or dark. 
The arrow labelled A 
indicates a dark crystal of the 
stable form that lies under 
the remains of the twins of 
the metastable form that are 
light. The B-arrow points to 
such crystals for which one 
of the metastable individuals 
is dark. 
 
 
 
b) Schematic drawing of the 
epitaxial growth of the stable 
form on the bottom of the 
metastable individual that 
lies on the glass cell. The 
indices of the stable form 
crystal were determined ex-
situ using an optical 
goniometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2 2D epitaxial growth of the stable form  
  After raising the temperature, resulting in a low supersaturation with respect 
to the metastable polymorph (σ(P1)<0.5, σ(P21)<1.57), the stable form 
immediately nucleates epitaxially on the bottom face of the crystal half that 
lies on the glass cell, i.e., nucleation and growth occurs between the glass 
and the crystal. Note that the supersaturation will be even lower at this 
position because of the limited mass transport. Because the supersaturation 
of the stable form is still relatively high as compared to the metastable form, 
its crystals grow faster than the crystals of the metastable one at this 
temperature. The stable form crystals thus become bigger than the 
metastable ones on top. This shows that the mass transport to the bottom 
face is large enough to allow for a supersaturation larger than zero. The two 
forms can be distinguished in-situ during growth and dissolution using 
polarization microscopy as can be seen in Figure 6a. Figure 6b shows the 
B 
A 
a 
b 
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situation schematically. Increasing the temperature to just above the 
equilibrium temperature of the metastable form will result in the dissolution 
and disappearance of the twins, while the stable form still grows, as can be 
seen from the time lapse micrographs in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Time lapse in-situ optical micrographs that show epitaxial growth of the stable form 
under the metastable form while the metastable form dissolves (σP21=0.5). The stable form 
nucleated between the glass cell and one of the twins of the metastable form. 
 
 
  The polymorphic form that nucleates epitaxially on the twins was identified 
as the stable form using in-situ time lapse Raman spectroscopy. These 
measurements were performed at a temperature above the equilibrium 
temperature of the metastable form showing very clearly the difference 
between the stable and the metastable form during the growth of the former 
and dissolution of the latter (Figure 8). Care was taken to measure the 
spectra while focusing just below the crystal surface. The traces are 
numbered in chronological order, starting with measurement number one that 
was taken while the metastable form was still present and ending with 
measurement number five that shows the presence of the stable form only. In 
the figure, the arrows marked “a” and “d” indicate the regions were the 
0 min 
Twins 
Stable form 
18 min 15 min 
Stable form 
Twins 
9 min 
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difference between the metastable form that dissolves and the stable one that 
grows epitaxially is most obvious. Measurement number two, that was taken 
at the very end of the dissolution of the metastable form, shows an unusual 
peak indicated by the “b” arrow. This is probably due to the solution; cf. 
reference peak “c”. One can also see that the peaks of either polymorph are 
very weak or even absent in this measurement. In measurement number 
three the metastable form appeared completely dissolved visually, but one 
can see that the peaks are not completely resolved yet. This might be due to 
some remaining layers of the metastable form. The last two traces only show 
the presence of the stable form. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: In-situ time lapse Raman measurements in ethanol solution (σ(P21)≈0.2). The 
numbers represent the order of the measurements and the time interval at which they were 
made is 200 seconds. The reference spectra were taken ex-situ for both polymorphs. The 
arrows marked a-d are discussed in the text. 
 
   For a better understanding of the 2D nucleation mechanism of the stable 
form on the metastable one it is necessary to determine on which crystal 
faces of the metastable form the nucleation takes place. Previous 
experiments showed that the crystals of both forms prefer to orient 
themselves with the (010) surface on the glass cell15. Moreover, the epitaxial 
nucleation of the metastable form turned out to occur with its ( 010 ) face on 
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the (010) face of the stable form8.  Considering these observations and the 
similarities between the layered structures we conclude that the stable form 
nucleates on the carbonyl (010) surface of the metastable form, with its (010) 
surface pointing to the glass cell.   
  Using Scanning Electron Microscopy, X-ray Powder diffraction and in-situ 
observations, we found that 2D epitaxial nucleation and growth of the stable 
form on the metastable one also takes place in other solutions like 
ethanol/acetone (80/20% and 50/50%), acetone and 2-propanol, or when 
using an anti-solvent (like water in ethanol/water 80/20% solutions) in 
precipitation experiments.  
   
4.3 3D-nucleation and growth of the stable form 
  The stable form does not immediately nucleate from a fresh solution. 
However, for supersaturations higher than the supersaturation at which 2D 
epitaxial nucleation and growth of the stable form on the metastable form 
takes place, and in the case that crystals of the stable form prepared as 
described in section 4.2 are already present in solution, then the stable form 
also nucleates non-epitaxially after some 24 hours. As a result of the 
corresponding relatively low supersaturation with respect to the stable form, 
the newly nucleated crystals have a polar shape15. These crystals were 
identified to be of the stable form using polarization microscopy. Under these 
conditions no 3D metastable crystals are nucleated anymore. If the 
temperature is raised above the equilibrium temperature of the metastable 
form, the polar crystals will slightly dissolve on the sharp top which is the 
carbonyl (010) side15, indicating that epitaxial layers of the metastable form 
were present on this rough face.  
  The 3D nucleation and growth of the stable form for conditions where the 
stable form crystals are already present is not understood and might be due 
to attrition or other kinds of secondary nucleation, although the solution was 
stagnant. 
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Figure 9: Curves A and B represent different experiments discussed in the text to study the 
lifetime of the metastable polymorph: 3DP1 is the nucleation temperature of the metastable 
form, 2DP21 the temperature where the stable form nucleates epitaxially on the metastable 
form and Eqx indicates the equilibrium saturation solubility temperature of form x. The grey 
area represents the 24 hours waiting time. 
 
4.4  Lifetime of metastable form   
  In ethanol solutions the metastable form has a much longer lifetime than in 
acetone solutions. In order to study the lifetime of the metastable form in 
ethanol solutions we performed several crystallization experiments in which 
the temperature was varied differently, as is shown schematically in Figure 9. 
In this section we indicate the supersaturation in terms of the undercooling 
instead of supersaturation as the large number of crystals present in the 
solution makes the concentration of the steroid in the solution less reliable. In 
all cases first 3D nuclei of the metastable polymorph were formed and then 
crystals of the stable polymorph were nucleated epitaxially on the crystals of 
the metastable form as described in section 4.2. For both, curves A and B, in 
Figure 9 the temperature was then raised above the equilibrium temperature 
of the metastable form (∆T(P1)>2°C) to dissolve the majority of the crystals of 
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the metastable form, followed by a decrease in temperature to preserve a few 
remaining crystals of that form. The remaining crystals then consist of stable 
and metastable form crystals in contact, similar to Figure 6a. For curve A the 
system was then kept for 24 hours at high supersaturation with respect to 
both forms (∆T(P1)≈20°C, ∆T(P21)≈28°C), far below the equilibrium 
temperature of the metastable form. After 24 hours we took the crystals out of 
the solution and found from Raman spectroscopy that the crystals of the 
stable form still had patches of the initial metastable crystals left on the 
surface (Figure 10). However, no patches of the initial metastable crystals 
were observed anymore after 30 hours. We repeated the experiment but this 
time keeping the system at room temperature (∆T(P1)≈10°C, ∆T(P21)≈18°C), 
that is, closer to the equilibrium temperature of the metastable form although 
still well below it (Figure 9, curve B). The Raman analysis showed that in this 
case the metastable form was completely transformed into the stable one in a 
time between 10 and 24 hours. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Ex-situ Raman measurements on crystals harvested at the end of curve A in 
figure 9; the arrows in the SEM image of the inset show indicate the stable form I and two 
patches left from the metastable form II on which Raman spectra were taken. 
 
I 
II 
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Figure 11: In-situ micrographs of crystals of the stable form after 24-48 hours obtained in a 
solution in which the concentration decreases gradually; crystal 1 has an external shape that 
resembles that of the metastable one as a result of the phase transformation to the stable 
form; crystal 2 has the shape of the stable form; crystal 3 has a polar shape; another even 
smaller polar crystal is present at the bottom of the image. 
 
 
4.5 Effect of supersaturation on final growth morphologies of the 
stable crystals   
  If, after the initial nucleation of the metastable form, the solution is kept at a 
low temperature (∆T(P1)≈20°C, ∆T(P21)≈28°C), the supersaturation will 
initially be high but decreases due to the large number of growing crystals. 
Raman analysis showed that all crystals were transformed to the stable form 
after 40-48 hours. There are, however, roughly three types of crystals present 
in the final batch as is shown in Figure 11. Crystal 1 has the external shape of 
the metastable form but the structure of the stable one. This phenomenon 
was reported earlier for crystals grown from the vapor9. Crystal 2, 
simultaneously present, is smaller and has the external shape of the stable 
polymorph. This crystal was nucleated epitaxially on a metastable crystal at a 
later stage for which the supersaturation had decreased considerably. The 
metastable crystal on top of it has dissolved completely, as a result of the low 
supersaturation. The same figure also shows a relatively small polar crystal 3, 
which must have been nucleated even later, at the smallest supersaturation. 
We reported on polar crystals of 7αMNa for low supersaturation in a previous 
paper15.   
 
1 2
A
3 
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5 Discussion 
5.1 Polymorphic phase diagram 
  Although metastable zone widths depend on many parameters like the time 
the system is allowed to nucleate, we will use the term mainly in a 
comparative fashion. That is, the polymorphic form that nucleates first, for a 
given supersaturation, will have the lowest metastable zone width. 
  The metastable zone width for 2D epitaxial nucleation is clearly smaller than 
that for 3D-nucleation for both polymorphs. For the metastable polymorph this 
was shown before7,8. In Figure 12 the situation is drawn schematically. In this 
figure the metastable zone widths for 2D nucleation refer to nucleation and 
growth on the (010) face of the metastable form only. The metastable zones 
for 2D (epitaxial) nucleation and growth of the metastable form (2DP1) on the 
metastable and stable form almost coincide8.  
  Concerning 3D nucleation the steroid follows Ostwald’s rule of stages. The 
stable P21 polymorph does not nucleate for temperatures just above the 
Figure 12:  
 
Schematic representation of 
the nucleation and growth 
conditions of both forms in 
terms of solution 
concentration c; with 
continuous lines the 
solubility curves are 
indicated and with dashed 
lines the metastable zone 
widths for 3D and 2D 
epitaxial nucleation of the 
stable P21 polymorph and 
the metastable P1 form 
(after Threlfall20). The 
metastable zone widths for 
2D nucleation refer to 
nucleation and growth on 
the (010) face of the 
metastable form only. The 
labels A-A'' are discussed in 
the text. For 3D nucleation 
of the stable P21 form the 
metastable zone width was 
not determined. The grey 
area indicates the 
conditions for which the 2D 
version of Ostwald’s rule of 
stages does not hold. 
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metastable zone of the metastable P1 form (A' in Figure 12) even if one waits 
for two days. For lower temperatures (A'' in figure 12) the metastable form 
nucleates. Therefore we conclude that the metastable zone of the stable form 
is beyond that of the metastable polymorph. Moreover, we never observed 3D 
nucleation and growth of the stable polymorph for any supersaturation in a 
fresh solution. As the metastable zone width of the stable polymorph could 
not be determined, its position in Figure 12 is merely speculative. 
  For 2D nucleation and growth on the (010) face of the metastable crystals 
the metastable zone lines for the metastable and stable forms have the 
opposite order as compared to the zones for 3D nucleation. We observe 2D 
nucleation and growth of the metastable form for supersaturations beyond the 
metastable zone indicated as 2DP1. There the usual growth kinetics favour the 
metastable polymorph in accordance with a 2D version of Ostwald’s rule of 
stages. For supersaturations between the zones indicated by 2DP21 and 2DP1, 
however, the stable form nucleates on the metastable form. For 
supersaturations below the metastable zone of 2DP1 but still above the 
solubility line of the metastable form, this behaviour is contradictory to the 2D 
version of Ostwald’s rule of stages. This area is indicated in grey in Figure 12. 
A tempting picture is that each growth layer has initially a P1 structure but that 
this will transform to the stable P21 structure if enough time is provided. The 
transition to 2D nucleation and growth of the P1 polymorph then corresponds 
to conditions for which this transformation rate cannot keep up with the 
growth rate. 
 
5.2   Transformation kinetics 
  A convenient measure for the transformation kinetics is the total time for the 
disappearance of the metastable form which was determined for curves A 
and B of Figure 9. These experiments differ in the supersaturation at the 
starting point for the transformation, as indicated by the grey area in Figure 9. 
In case of curve A the experiment starts at a concentration far beyond the 
2DP21 metastable zone. Under these conditions, the growth of the metastable 
patches remaining on the stable form (cf. the inset to Figure 10) is relatively 
fast. For curve B, on the other hand, the starting supersaturation is much 
Chapter 4: Epitaxial 2D nucleation of the stable polymorphic form of the steroid 7αMNa on 
the metastable form: Implications for Ostwald’s rule of stages 
 
 
64
lower and the metastable form grows slower. For 7αMNa the transition from 
the metastable to the stable form is solution mediated, in the sense that the 
crystal has to be in contact with the solution for it to transform7.  As a rule of 
thumb the transformation rate is higher when the solubility of a compound in a 
certain solvent is higher8,16 because of the higher exchange rate of the solute, 
even in thermodynamic equilibrium. At a finite supersaturation, obtained by 
decreasing the temperature, the flux of solute from the crystal to the solution 
is suppressed due to the lower solubility. As a consequence the rate of 
transformation is lower for the conditions of curve A as compared to curve B 
in Figure 9.  
 
5.3  (010) versus ( 010 ) 
  Previous experiments showed that in polar solvents the carbonyl terminated 
(010) surface is a faster growing face than the hydroxyl ( 010 ) surface15. In the 
next chapter we show that for the stable form the (010) surface grows via a 
2D nucleation mechanism, while the slow growing ( 010 ) face grows 
unexpectedly via a spiral growth mechanism17. Assuming the same 
mechanisms for the polar metastable crystals, it is likely that the 2D epitaxial 
nucleation and growth of the stable polymorph takes place preferentially on 
the (010) surface as the permanent steps provided by the spirals on the ( 010 ) 
face favor the growth of the metastable form. As a result of the layered 
structure, 2D nuclei are less sensitive to the structure of the underlying 
polymorph. This is not only in agreement with the observations presented 
here, but also with the reverse process; the epitaxial growth of the metastable 
form on the stable one starts always on the (010) face, while on the ( 010 ) 
surface the epitaxial nucleation and growth takes place only at higher 
supersaturations8 where 2D nuclei are formed on the terraces of spirals. 
These nuclei, again, are less sensitive to the structure of the underlying 
polymorph. 
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Figure 13: Time lapse in-situ optical microscopy showing the growth of both forms 
(σP21=0.71, σP1=0.2). The two patches on the upper crystal are of the metastable form and 
the big crystals have the stable form structure. 
 
5.4 Concomitantly growing polymorphs 
  The 2D epitaxial growth of the stable form on surfaces of the metastable 
crystals takes place in a supersaturation region (σ(P1)<0.5) where the 
metastable form grows rather slowly. The supersaturation of the stable form is 
still high (σ(P21)<1.57), meaning that the stable crystals grow slightly faster 
(figure 13). Davey and Cardew studied the transformation of metastable 
crystals to the stable form under conditions of a constant solution 
composition6,18. Their observations lead to a theoretical description of the 
dissolution-recrystallization process for supersaturations between the 
solubility curves of the two polymorphs. Similar experimental observations, 
where the appearance and growth of the stable form occurred concomitantly 
with the dissolution of the metastable one, were done for other 
compounds5,10. The metastable form of 7αMNa steroid is quite stable in 
ethanol solutions (see section 4.2), and thus we were able to observe the 
crystals of the two forms growing simultaneously for low supersaturations 
(Figure 13). As the solution concentration gives rise to different relative 
0 min 8 min 
16 min 23 min 
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supersaturations for each polymorph, the crystals of the stable form can grow 
faster exceeding the sides of the metastable form crystals. Yu reported a 
comparable observation for D-sorbitol and D-mannitol19. 
 
5.5 Practical applications of heterogeneous epitaxial polymorphic 
nucleation  
  As a consequence of the heterogeneous polymorphic epitaxial nucleation 
and growth, the number and size of the stable crystals is easy to control, 
because one can control the number of the initial metastable form crystals by 
varying the experimental conditions. The basic idea is that if one waits longer 
in a high supersaturation region where the metastable polymorph grows 
faster than the stable one, the stable form crystals that result after decreasing 
the supersaturation will be bigger (curve A in Figure 9). If the supersaturation 
is smaller after the initial nucleation of metastable crystals (curve B), the 
stable crystals that grow epitaxially will have a bulky and well-defined size 
distribution as in Figure 7. The size of the stable crystals can be tuned using 
the supersaturation to determine the relative growth rates of the two 
polymorphs.  
 
6 Conclusions 
  This paper treats in detail the complex phenomenon of concomitant 
polymorphism occurring for heterogeneous epitaxial polymorphic nucleation 
and growth. Using as a model compound a steroid that has two polymorphs, 
we show that the earlier proposed 2D-version of Ostwald’s rule of stages only 
holds at high enough supersaturations.  
  For 3D nucleation the system follows Ostwald’s rule of stages; the 
metastable polymorph is always formed first. This implies that the metastable 
zone for 3D nucleation of the stable polymorph is beyond that of the 
metastable form.  
  For 2D nucleation and growth the stable polymorph nucleates at low 
supersaturations only when the metastable one is already present; the stable 
polymorph instantaneously grows epitaxially on the (010) face of the 
metastable one. Therefore, in contrast to the 3D case, the metastable zone 
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for 2D nucleation of the metastable polymorph lies beyond the corresponding 
zone for the stable polymorph.  
   We were able to observe both polymorphs growing for temperatures just 
below the equilibrium saturation solubility of the metastable form, that is, 
under conditions where the supersaturation is positive for both polymorphs.  
  The rate for the transformation from the metastable form to the stable one 
was found to be lower for higher supersaturations. This is explained by the 
decrease of the flux of solute from the crystal to the solution for higher 
supersaturations.  
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Abstract 
  The polar shape of the stable polymorph of the steroid crystal 7αMNa is a 
consequence of different growth rates in the opposite crystallographic 
directions [010] and [ 010 ]. Using various microscopic techniques it are shown 
that the surface morphologies of the opposite (010) and ( 010 ) faces is 
completely different, regardless of the conditions of growth or etching. The 
( 010 ) face is flat and grows via a spiral growth mechanism, whereas the (010) 
face and faces close to it are rough. In-situ microscopy shows that in many 
cases these latter faces are hampered in growth. The aberrant growth 
behaviour of this group of faces is explained to be a result of the presence of 
an ultra thin layer of the metastable polymorphic form covering the surface, 
even under conditions at which the bulk metastable form is undersaturated. 
This layer retards growth and introduces roughening. 
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1 Introduction 
  Organic crystals are generally obtained by growth from solution. In industry 
the control of crystal shape and polymorph is of primary importance. Solvents 
and additives in general, can inhibit the growth of specific faces, as well as 
prevent the nucleation and subsequent growth of different polymorphs. This 
results in habit changes1,2, a particular case being the polar morphology of 
several non-centrosymmetric crystals3. The solvent is also often claimed to 
lead to polymorph selection4-6. Therefore, understanding the effect of solvents 
on inhibiting or promoting the growth of specific surfaces and on 
polymorphism is highly relevant for industrial application. This knowledge can 
be acquired by computer modelling or by careful examination of crystal 
shapes and surface morphologies using microscopic techniques.  
  In contrast to solution growth, there have been only a limited number of 
reports on the polar morphology of crystals grown from the vapor phase. The 
best known example is urea, which received much attention, also from 
theoreticians. Explanations were given that involve different charge 
distributions 7 or different types of surface relaxations8,9 on the polar faces. 
  In a previous paper we reported a habit change of crystals of a steroid, 
abbreviated 7αMNa3. This steroid has two polymorphs, which have a 
monoclinic P21 structure (a = 6.53 Å, b = 41.21 Å, c = 6.67 Å, β = 101.5°, Z = 
4)10 and a triclinic P1 structure (a = 6.54 Å, b = 6.68 Å, c = 10.29 Å,  α = 
87.1°,  β = 80.1°, γ = 79.2°, Z = 1)11, respectively. For the structure of the 
molecule and projections of the unit cell the reader is referred to ref. 5. The 
monoclinic crystals are stable at room temperature. For both polymorphs the 
growth rates of the opposite faces (010) and ( 010 ) are different if crystals are 
grown from alcohol or acetone solutions at supersaturations, that are not too 
high. An absolute structure determination using X-ray diffraction allowed for 
the identification of the polar faces. When the experimental observations were 
combined with molecular dynamics simulations3, it was concluded that the 
growth of the ( 010 ) face is more hampered by the solvent than that of the 
(010) face, leading to a polar crystal habit. In particular, it was found that, 
although the effects depend on the solvent, the electrostatic interactions are 
mainly responsible for this difference in growth rate. In a further paper we 
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investigated the polymorphic phase behaviour and found that the metastable 
polymorph nucleates epitaxially on the (010) as well as on the ( 010 ) faces of 
the stable polymorph5. The reverse process, that is, the epitaxial growth of the 
stable polymorph on the metastable crystals, has only been observed for the 
(010) face6. 
  In this paper, we investigate the growth mechanisms of the two opposite 
(010) and ( 010 ) polar faces of the monoclinic polymorph grown from vapor as 
well as from solution. Various microscopic techniques, both in-situ and ex-situ 
have been used. It will be shown that the surface patterns and thus the 
growth mechanisms of these faces are fundamentally different. The flat ( 010 ) 
face grows via an interlaced spiral mechanism, whereas the opposite (010) 
face shows no active spirals. As will be shown, these differences can only 
partly be explained by an effect of the solvent or impurities. The rough 
patterns observed on this face are interpreted as being a consequence of a 
thin layer of the metastable form covering the surface. Thus, the metastable 
form acts as an impurity that changes the growth mechanism on opposite 
faces differently. 
 
2 Experimental section 
2.1 In-situ crystal growth 
  For in-situ observation of the growth of single crystals of the stable 
monoclinic P21 polymorph of the 7αMNa steroid, ethanol, ethanol/water 
(80/20%), methanol and acetone solutions were prepared. The solution was 
put in a 7 mL glass cell, which was placed in a larger temperature controlled 
cell with two opposite glass windows. The glass cell was silanized using 
dimethyldichlorosilane to reduce the interaction of the crystal surfaces with 
the glass3. The crystals were observed during growth and dissolution using a 
Zeiss Axioplan 2 transmission polarization microscope. A CCD camera 
attached to the optical microscope and connected to a computer was used to 
record images of the growth and dissolution processes in time. The relative 
supersaturations, σs and σm (σ=
eqc
eqcc − ) for the growth of the stable and 
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metastable polymorph crystals in ethanol and acetone solutions were 
determined using the solubility curves that we reported earlier5,12. 
  The first crystals that were obtained in these solutions were always twins of 
the metastable, P1 form with the (010) faces contacting the glass surface. 
The stable P21 form crystals grow epitaxially on the (010) faces of the 
metastable polymorph if the supersaturation of the solution is decreased6. 
Also, as a consequence, the crystals of the stable form point with the (010) 
face downward to the glass surface of the growth cell. We subsequently 
dissolved all the crystals, except one remaining crystal of the stable phase, 
which had a very small size. This crystal was then grown slowly at low 
supersaturation (σs= 0.1–0.3). After in-situ observation of the growth process 
the crystal was separated from the solution. To reduce shut-off effects, the 
crystals were quickly dried using a paper tissue prior to further ex-situ 
microscopic examination. 
 
2.2 Ex-situ crystal growth  
  In addition, crystals were grown ex-situ. For this purpose, saturated ethanol 
solutions were prepared at 32°C. The solutions were placed in covered glass 
dishes and left to cool down to room temperature. Stable form crystals were 
grown in this solution for about 4 days, in which period the primary metastable 
ones had completely dissolved6. Some of the polar crystals obtained were 
etched. For that, they were isolated on a glass plate and covered with a small 
droplet of 1-methylnaphthalene for about 8–14 hours. After this period the 
excess of solution was removed using a paper tissue and finally the crystals 
were dried using a N2 flow.   
 
2.3 Vapor growth 
  The source material was introduced into a quartz tube together with a glass 
plate that served as a substrate. The tube was then placed in a furnace such 
that the steroid was located at the hottest area. The glass plate was 
positioned at the opposite end of the tube, where the temperature was lower 
allowing for deposition of the sublimed material. The crystals were grown for 
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about 10 days on the glass substrate at a temperature of 95°C and a 
pressure of 3x10-2 mbar. 
 
2.4 Characterization methods 
  The crystals were further investigated using several microscopic techniques. 
We checked the structure of the crystals grown in-situ and ex-situ with the 
help of optical polarization microscopy and micro Raman spectroscopy. The 
faces were indexed using an optical goniometer. For the micro Raman 
spectroscopy (Renishaw System 1000) a focused 50 mW (514.5nm) Ar-ion 
laser beam or a focused diode laser beam of 785nm were used as an 
excitation source. 
  The surfaces of the crystals were mapped using Differential Interference 
Contrast Microscopy (DICM) followed by contrast enhancement of the 
digitized CCD images obtained. High magnification images were obtained 
with the help of Atomic Force Microscopy (AFM), using a Digital Dimension 
3100 instrument, operated in contact mode. In all cases, both height and 
deflection (error-signal) images were recorded simultaneously. Images of the 
crystal shapes and rougher surfaces were obtained using Field Emission 
Scanning Electron Microscopy  (JEOL JSM 6330 F) (SEM). Prior to SEM 
observations the crystals were coated with a thin platinum layer.    
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Figure 1: In-situ growth of stable polymorph crystals from ethanol solution (σs≈0.49; 
Teq,s=38°C; σm≈0.071). The encircled crystal points with its ( 010 ) face to the viewer and does 
not grow. The single arrow indicates a polar crystal that initially points with its (010) face 
downward to the glass and grows faster along the [ 010 ] direction as compared to the [010] 
direction. In figures d-e this crystal tumbles onto a {001} face. The double arrows in figures d-f 
point to polar crystals that lie on a {001} face and grow faster along the [010] direction as 
compared to the [ 010 ] direction.  
a b 
d c 
e f 
0 h 3 h 
58:05 h 
8 h 14:25 h 
14:40 h
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3 Results 
3.1 In-situ observations 
3.1.1 Ethanol solutions  
  Because of the preparation method as described in section 2.1, the initial 
morphology of the stable form crystals is platelet-like (Figure 1a) 6. Upon 
continued growth, at σs >0 and σm<0, a number of crystals do not grow at all 
(encircled in Figures 1a-f), while others grow along the [010] or [ 010 ] 
directions. After a certain period, the growing crystals tumble on a {001} face 
(Figures 1d, e). These crystals obtain a polar morphology if they grow further 
at supersaturations σs<0.49. Several of the tumbled polar crystals (indicated 
by a double arrow in Figures 1c-f) show (010) faces that grow faster than the 
opposite ( 010 ) faces, which is in agreement with earlier observations 3. Other 
crystals, however, show only growing ( 010 ) faces, whereas the opposite 
(010) face is blocked (crystal indicated by a single arrow in Figure 1d-f). 
  The final morphology of the polar stable crystals is rich and contains besides 
the polar ( 010 ) face the following forms: {120}, {140}, { 011 }, {001} and some 
not well-defined faces that could not be indexed, close to the sharp (010) top 
(Figure 2). If the stable form crystals are grown above the solubility 
temperature of the metastable polymorph, in many cases the {140} faces do 
not grow and the (010) face is not present (σs <0.3). The growth sequence in 
Figure 2 illustrates this. The overall polar morphology is a combined effect of 
the blocking of the {140} faces, the outgrowth of the (010) face and the 
absence of such blocked faces on the opposite side of the crystals, resulting 
in well-developed ( 010 ) faces. The growth of the {140} faces turns out to 
occur only for supersaturations above the threshold supersaturation for which 
epitaxial polymorphic nucleation of the metastable phase takes place5. For 
ethanol solutions this threshold supersaturation is σEtOHs = 1.1 corresponding 
to σEtOHm = 0.4. 
 The { 011 } faces tend to grow faster than the {120} faces and disappear in the 
final crystal morphology if the crystal is grown for a longer period at low 
supersaturation. 
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       Figure 2: 
 
a) Growth sequence of a polar crystal of the 
stable polymorph growing from an ethanol 
solution (σs=0.1–0.28, Teq,s = 42.5 °C);  
 
b) Crystal shown in figure (a) indexed using 
the goniometer on an X-ray single crystal 
diffractometer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1.2 Ethanol/water solutions 
  In ethanol/water (80/20%) solutions stable form crystals are formed in a 
similar way as in pure ethanol solution. The solubilities of the two polymorphs 
in ethanol/water solutions were not determined, and therefore, the 
supersaturation cannot be quantified. The initial morphology resembles that 
obtained from ethanol solutions, except that the (010) top and the faces 
adjacent to it are rounded and cannot be indexed (Figure 3a). The rounded 
top does not show any discernable growth and the {140} faces are absent. 
When the supersaturation is increased, the metastable polymorph grows only 
on the rounded top (Figure 3b) and no metastable polymorph was observed 
to grow on the ( 010 ) surface. Earlier experiments showed that a higher 
threshold supersaturation for the epitaxial nucleation was needed for 
ethanol/water solutions as compared to pure ethanol5. In contrast to the 
stable polymorph, the (010) face of the metastable phase is faceted. 
0 hours 7 hours 3.33 hours 
a 
b 
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Figure 3: 
In-situ optical images of a polar crystal of the stable form grown from an ethanol/water 
(80/20%) solution (Teq,s = 35 °C);  the vertical scale bar indicates the size of the crystals: 
a) Crystal with rounded top lying on an {001} face (T = 20 °C); 
b) The metastable polymorph grows on top of the (010) and adjacent rounded faces of 
(a), after increasing the supersaturation (T = 12 °C). 
 
 
3.1.3 Acetone solutions 
  In acetone solutions already at very low supersaturation (σs=0.13, σm≈0) the 
metastable phase appears on the (010) face of the stable crystals. In addition, 
the transformation of the metastable crystals to the stable phase takes place 
more quickly as compared to the cases for pure ethanol and the 
ethanol/water solutions5,6,12.  The stable form crystals grown at very small 
supersaturation (σS<0.1) again show a polar morphology along the [010] 
direction (Figure 4)3. The (010) face generally grows quickly by the lateral 
expansion of very high macrosteps and mini facets, which are generated at 
the centre of this face (Figure 4a). The growth rate of the opposite ( 010 ) face 
is low. Comparing the steroid growth forms from alcohol and acetone 
solutions reveals a substantial difference in growth habits. This is mainly a 
consequence of the larger ratio of growth rate of the side faces and the {010} 
faces for the acetone case as compared to the alcohols. 
   
a b 
0.25 mm 
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3.2 Ex-situ observations 
3.2.1 Ethanol solutions 
  The crystals obtained in-situ from ethanol solution as described in section 
3.1 were further analysed using SEM. As already concluded from the in-situ 
observations, at low supersaturation (σs<0.4), for most crystals the (010) face 
is absent (Figure 5a). Several slightly curved faces adjacent to the sharp top 
could not be indexed. The in-situ observations showed that the growth of 
these faces was blocked. Higher magnification SEM revealed a multitude of 
small protuberances (Figure 5b), which resemble the shape of the large 
crystal (Figure 5a); no isolated steps could be identified.  
  If the polar crystals are grown at a higher supersaturation (σs>0.4), just 
below the solubility limit of the metastable polymorph, the polar morphology is 
less pronounced and the (010) top is more rounded (Figure 6a). SEM 
analysis (Figure 6b) and AFM observations show that the (010) face of these 
crystals has the appearance of an S-type face with a [001] step orientation 
and that these faces are covered by 3D nuclei of one-tenth to several 
micrometers wide and a few hundred nanometres high. Well-defined steps 
could not be revealed, indicating that this face is rough. The faces close to the 
(010) face are rounded and again show an S character with numerous 3D 
nuclei (Figures 6c,d). 
 
a 
b 
(010) 
( 010 ) 
Figure 4: Growth from 
acetone solutions  
(Teq,s = 37°C): 
 
a) In-situ optical image of a 
polar crystal of the P21 
showing bunched step 
patterns spreading from 
the centre of the (010) 
face (T= 30°C); 
 
 
 
b) Polar crystal of the 
stable phase indexed 
using an optical 
goniometer. 
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Figure 5: SEM images showing the [010] top of a stable polymorph crystal grown from an 
ethanol solution at σs=0.155 (Teq,s = 51 °C): 
a) Overview of the top; 
b) Detailed view; the inset in (b) shows an enlarged image of the polar 3D features on 
the faces adjacent to the (010) face. 
 
 
  Apart from the (010) face and the faces adjacent to the (010) top, all the 
other faces are flat and grow layerwise involving steps. Judging from the 
contrast in optical DICM images, steps of unit cell height are formed on the 
large (001) faces of the crystals (Figure 7a). Tracing back these patterns 
showed that the steps nucleated from a singular point near the edges of the 
face. Isolated spirals could not be identified; therefore, it is not clear if steps 
are generated by a dislocation mechanism or by 2D contact nucleation13. In 
most cases the steps accumulate and bunch, leading to wavy patterns as 
shown in Figure 7b. 
  The opposite ( 010 ) surface grows via the spiral mechanism (Figure 8), even 
at high supersaturation (σS≈0.5). The step height of the spirals corresponds 
with the slice thickness d010 of the monoclinic structure. The spirals present a 
complicated interlacing pattern, which are elaborated in the coming chapter14. 
Neither 2D nor 3D nuclei were encountered on ( 010 ) at not too high 
supersaturation. 
a b 
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Figure 6: SEM images of a polar stable form crystal grown from an ethanol solution at high 
supersaturation (σs > 0.4, Tgrowth = 25 °C): 
a) Overview of the crystal showing the roughened and faceted faces and a schematic 
representation of the crystal defining the indices, the latter being determined using an 
optical goniometer;   
b) Detailed image showing 3D features on the rounded (010) face; 
c) Detailed image of the rounded side faces, indicated in (a), showing 3D features; 
d) Detailed image of the rounded side faces, indicated in (a), showing an S-type step 
pattern. 
 
a 
[001] 
c 
d 
b 
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Figure 8: Height AFM image of the ( 010 ) 
surface of the stable form crystal grown from 
ethanol solution at σs=0.48, showing spirals 
(Teq,s =38°C); surface area is 13 x 13 µm2;  
step height 4 nm. 
Figure 9: AFM deflection image of the 
(010) surface of a stable form crystal 
grown from acetone solution at T = 30°C: 
the surface area is 30 x 30 µm2; 
Teq,s=37°C. 
 
 
 
 
 
 
 
 
 
Figure 7: Step growth on the (001) side faces: 
a) DICM image showing elementary steps generated from the edge of the crystal face 
(250x250µm2); 
b) SEM image of another (001) face, showing step bunching further away from the edge. 
 
3.2.2 Acetone solutions 
  The (010) surface of the stable form crystals grown from acetone solutions 
shows random step patterns not related to dislocations (Figure 9).  Generally, 
the elementary step height is 2 nm, which is half the unit cell height of the 
stable polymorph, but elementary steps of 1 nm are found as well. Often the 
steps tend to bunch, leading to the development of macrosteps as shown in 
Figure 4a. The opposite ( 010 ) surface again grows via a spiral growth 
mechanism.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a b 
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Figure 10: SEM micrographs showing surface patterns obtained after etching of stable 
polymorph crystals in 1-methyl naphthalene: 
a) Stepped ( 010 ) surface with the indices of the side faces as indicated in the figure 
determined using an optical goniometer. 
b) Rough (010) surface. 
 
3.2.3 Etching 
  If the polar crystals are etched using 1-methylnaphthalene, then the opposite 
polar faces again reveal a different surface morphology. The ( 010 ) surface 
shows deep etch pits with well-developed bunched step patterns (Figure 
10a). The (010) surface, however, is rough and does not show any particular 
step pattern (Figure 10b). 
 
3.2.4 Vapor growth 
  Most of the crystals obtained by vapour growth on the glass substrate were 
of the metastable polymorph, and only a few isolated crystals were of the 
stable form. Because of the very small size of the latter ones as compared to 
the metastable form crystals and also their presence in small numbers, we 
may assume that they were grown at a relatively low supersaturation. Raman 
spectroscopy showed this type of crystals to be the stable polymorph, 
sometimes with traces of the metastable polymorph. The crystals have a 
polar morphology and show a different pattern for the opposite {010} faces. 
One face is flat, while the opposite face is rough, as can be seen for one of 
the crystals in Figure 11. The second crystal on the SEM micrograph has a 
platelet-like morphology and grew with the rough face pointing downward to 
the glass. From the great similarity with the solution-grown crystals, we 
conclude that the flat face is ( 010 ) and the rough face is (010). 
( )011  ( )100  
( )120  
( )110  
a b 
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Figure 11: SEM image of stable form crystals obtained by vapor growth. The monoclinic 
structure was confirmed using micro-Raman spectroscopy. 
 
4 Discussion 
  The stable form crystals grown at low supersaturation have a polar 
morphology. The polarity in crystal shape was observed for growth from any 
of the solutions studied as well as from the vapor phase. This indicates that 
external factors play a secondary role and that the difference in growth 
mechanism of the opposite faces is inherent in the compound itself. Of 
course, any solvent can amplify or reduce the polarity of the crystal shape: for 
example, in the way proposed in the molecular modeling study mentioned 
before3. The crystals grown from vapor phase indeed show a less 
pronounced polar shape. The supersaturation in these experiments, however, 
could not be determined and might have been too high to compare with the 
low-supersaturation experiments in the solvents. 
  In all the systems investigated, the growth/etching mechanism of the 
opposite polar faces shows the same difference: the ( 010 ) faces 
grow/dissolve flat with steps, while the (010) and nearby faces are rough. In 
addition, the solution-grown crystals display spirals on ( 010 ), which are 
absent on (010). 
   From a PBC-analysis15 no essential difference in the growth behaviors of 
the (010) face and the ( 010 ) face is expected to occur, as they have the same 
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connected nets and the same attachment energy. As the attachment energy 
for these faces is low, a layer mechanism far below the roughening 
temperature is expected to occur for both faces. This was only found for the 
( 010 ) faces. Therefore, it is clear that the crystal structure, i.e. the crystal 
graph15 itself, cannot account for the different growth mechanisms of the 
opposite faces. Moreover, the slice as well as the attachment energy of a 
single (010) layer of the metastable phase is similar to that of the stable 
polymorph15. Nevertheless, in ethanol/water solutions the (010) face of the 
metastable phase is flat, whereas the same face of the stable phase is 
rounded and rough, despite the lower supersaturation. The latter observation 
indicates that the different growth behaviour of the opposite {010} faces is not 
the result of impurities, such as degradation products of the steroid that would 
hamper the polar faces differently. Such impurities are expected to have a 
similar effect for the two polymorphs, given the comparable layered structures 
of the two, which is in contrast to the flat face that appears once the 
metastable phase has formed on the (010) side. 
  From the above it is clear that the polar morphology of the steroid presently 
studied is neither introduced by external factors nor is a consequence of the 
crystal graph. In previous studies it was found that epitaxial growth of the 
metastable phase preferentially occurs on the (010) and adjacent faces of the 
stable form crystals5,6.  On the basis of this observation, it is appealing to 
adopt the hypothesis that the metastable phase, acts as an impurity, forming 
one or several monolayers on the (010) and nearby faces of the stable 
polymorph crystals. This layer, which is even formed for bulk supersaturations 
that are negative for the metastable phase hampers or blocks the growth of 
the (010) group of faces. The lattice mismatch between the two polymorphic 
forms, although small, will hamper the outgrowth of the metastable layer. 
Moreover, a rough surface is expected to result from a blocking of the 
expanding 2D nuclei of the stable phase during crystal growth. This may 
occur if they collide against adjacent multilayered nuclei of the metastable 
phase, of which the lower layers do not easily transform into the stable phase. 
This blocking of growth leads to surface roughness, as randomly formed 2D 
nuclei are not able to spread. The faces close to (010), especially the {140} 
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faces are often obstructed even more than (010), which leads to the observed 
pointed morphology for growth from ethanol solutions. The 3D nuclei on top of 
these faces probably are a result of the shut-off effect: i.e. during separation 
of the crystal from the solution, the supersaturation suddenly rises and 3D 
nuclei of (presumably) the metastable phase are formed on the otherwise 
blocked surfaces. 
  During further growth, the metastable layer(s) transform into the stable 
phase. This transformation takes longer if the solution that mediates the 
transformation is ethanol6 and will introduce roughness. The transformation is 
much faster in acetone5. Due to the low 2D epitaxial nucleation barrier of the 
metastable polymorph in acetone solutions12, 2D nuclei are formed easily on 
the (010) and adjacent faces, even at very low supersaturations. During 
spreading, the metastable 2D nuclei transform relatively quickly into the 
stable polymorph. In this way the observed irregular patterns of steps of the 
stable polymorph are formed. As a result, in acetone solutions the blocking is 
less effective and the (010) face grows quickly with steps generated from the 
centre of the face (Figure 4). 
  The faces other than (010) and those nearby show less or no affinity with the 
metastable phase and no layer(s) of metastable phase develop during 
growth. Here polymorphic self-poisoning is absent and the crystal faces 
remain flat and grow/etch layerwise via steps. 
  Polymorphic self-poisoning occurs if the adsorption of molecules in the 
metastable configuration is more favorable than in the stable form. The 
difference in free enthalpy change between adding n layers of stable 
polymorph and n layers of metastable polymorph on a stable crystal surface 
is ∆∆G ≅ –n(∆∆µ) + ∆σ + nε. In this equation ∆∆µ is the difference in 
driving force for the growth of the metastable and stable phase and nε the 
stress energy as a result of the lattice mismatch between the polymorphs. 
The difference in interfacial energies, ∆σ, has two contributions: first, the 
difference in attachment energy per molecule of the first metastable layer on 
top of the stable polymorph and that of a stable layer on the same polymorph 
and, second, the difference in interfacial energy per molecule of the outer 
metastable layer and that of the outer stable layer, both in contact with the 
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solvent. Since nature strives for a minimum in free energy, a metastable layer 
of thickness n is stable as long as ∆∆G ≤ 0, that is, if ∆σ + nε ≤ n∆∆µ. Using 
∆∆µ ≈ −0.5 kJ/mol5, this gives the criterion ∆σ + nε ≤ −0.5n kJ/mol. As in the 
present case the differences between the lattice parameters a and c for both 
polymorphs is less than 0.2 %, ε will be very small. This implies that the value 
of ∆σ, needed for obtaining a metastable layer, is very small as compared to 
the vertical bond strengths of the steroid molecules to the (010) faces, which 
is calculated 69 kJ/mol for the bulk stable phase and 86 kJ/mol for the bulk 
metastable phase15. Therefore, it is quite possible that for small n the above 
criterion is fulfilled.  
 
5 Conclusion 
  The vapor growth experiments show that the polar morphology of the stable 
polymorph of 7αMNa is an intrinsic property of the compound and that 
solvents and additives only play a secondary role in the formation of the polar 
shape. It was found that the ( 010 ) and most other faces of the crystals are flat 
and grow layerwise with spirals involving unit cell height and lower steps. 
These faces are rarely blocked in growth. The opposite (010) and especially 
the faces close to it, however, are rough and are very often hampered in 
growth. To explain the differences in growth mechanism on the opposite polar 
faces, it is proposed that the (010) and adjacent faces are covered by a 
monolayer or several layers of the metastable polymorph, even at negative 
supersaturations with respect to the metastable phase. This leads to surface 
roughening and blocking of growth. Supporting evidence for this hypothesis 
stems from the fact that the metastable polymorph crystallises more easily by 
far on top of the (010) face as compared to the ( 010 ) face of the stable 
polymorph. 
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Interlaced spiral growth and step splitting 
on a steroid crystal 
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Abstract 
  This paper presents detailed ex-situ observations of spiral patterns on the 
( 010 ) face of the stable polymorph of the 7αMNa steroid, using atomic force 
microscopy. In contrast to the opposite (010) face, which is rough, the ( 010 ) 
face grows layerwise involving steps down to monomolecular height. The 
growth spirals show symmetry induced interlacing, i.e. a regular splitting of 
d010 steps into half height d020 steps as a consequence of the 21 screw axis 
perpendicular to ( 010 ). In many cases entropic repulsion leads to further step 
splitting generating steps of quarter unit cell height, d040. The observed step 
orientations are identical to the strongest Periodic Bond Chain (PBC) 
directions within the thinnest growth layer thickness, d040. The screw 
dislocations b=[010] at the spiral centers are marked by hollow cores. The 
edge dislocations ending on the same face do not reveal hollow cores. This is 
a consequence of their low stress fields, which is some 40 times smaller than 
that of the screw dislocations. 
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1 Introduction 
  In the middle of the previous century, Frank solved the problem of the 
(im)possibility of crystal growth at low supersaturations by considering the 
screw dislocation as a perpetual step source. The step emerging from the 
endpoint of this defect at the crystal surface winds up and develops into a 
spiral pattern during continued growth of the crystal1,2. Since then, growth 
spirals have been observed on many different crystal surfaces using optical 
microscopy3-5, electron microscopy6 and atomic force microscopy (AFM)7. 
Soon after the introduction of the spiral growth theory, Verma reported the 
occurrence of hexagonal spirals on SiC, at the corners of which the unit-cell-
height steps split up into steps of half height8. These interlaced step patterns 
were interpreted by Frank as being the result of a periodic stacking of 
differently oriented growth layers, each having a different lateral anisotropy of 
step velocity9. In the five decades that followed, numerous interlaced step 
patterns have been observed and interpreted on, for instance, SiC3, n-
alcohols10,11, GaN12, NiSO4•6H2O13 and several proteins14,15. A recent 
theoretical study16 showed that in most cases interlacing is imposed by a 
symmetry relationship between adjacent growth layers and therefore "must" 
occur: symmetry induced interlacing. In a few cases however, the different 
layers are not related by symmetry and interlacing not imposed by symmetry 
may occur: incidental interlacing. 
 
  The steroid crystal investigated in this study is the stable polymorph of  
7αMNa (in full: (7α, 17α)-17-hydroxy-7-methyl-19-nor-17-pregn-5(10)-en-20-
yn-3-one)17-19. This polymorph has a monoclinic P21 structure with four 
molecules in the unit cell arranged in an XYX'Y' succession along the b axis 
(Figure 1a). We showed in previous work that the stable polymorph crystals 
grown from ethanol solution have an extremely polar morphology (Figure 
1b)17-19. The (010) face is either absent or is rounded, whereas the opposite 
( 010 ) face is always flat20. This is a consequence of completely different 
growth mechanisms of the opposite faces. In a previous chapter, attention is 
focused on the (010) face20.  
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Figure 1: (a) The monoclinic P21 structure of the stable polymorph of the 7αMNa steroid 
consists of four layers XYX'Y' stacked along b. The cell dimensions are a=6.542Å, 
b=41.213Å, c=6.678Å, α=γ=90°, β=101.64°. (b) Morphology of the polar crystals grown from 
ethanol solution, showing the planar ( 010 ) face at the bottom: schematic view and in-situ 
micrograph. 
 
  In-situ observations showed that this face is often hampered in its growth; 
ex-situ observations revealed a rough surface without growth steps. This 
aberrant growth behavior is explained by the presence of a thin layer of the 
metastable polymorph on top of the surface, which leads to "poisoning" of 
crystal growth. 
  In this chapter we concentrate on the opposite ( 010 ) face. This surface 
grows via a spiral mechanism involving unit-cell-height and lower steps and 
seems not to be affected by the occurrence of the metastable polymorph. The 
main tool for the present ex-situ investigation is AFM. First, we pay attention 
to the general shape of the spirals. Then, we take a closer look at the 
a b 
[010]
[ 010 ] 
b 
c 
0.5mm 
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interlacing and other step splitting patterns. The observed step orientations 
are compared with the Periodic Bond Chain (PBC) directions as deduced 
from the crystal graph of the stable polymorph. Finally, we pay attention to the 
occurrence and distribution of screw dislocations in the crystal, which 
outcrops are marked by hollow cores. 
 
2 Experimental 
2.1 Crystal Growth 
  To achieve better control of crystal growth, the crystals were grown in a 
glass cell for in-situ observation by optical microscopy. The setup and 
procedure have been described elsewhere18-20. In brief, the in-situ setup 
consists of a 7 mL, closed glass cell, which is temperature controlled by a 
water bath. We used as a solvent ethanol (and in one case methanol) of p.a. 
purity grade (99%). Upon cooling down a saturated solution, crystals of the 
metastable polymorph are formed first. Then, stable polymorph crystals 
nucleate epitaxially on the bottom face of the metastable ones. Next, the 
temperature is increased such that all metastable crystals dissolve and only a 
few stable polymorph crystals are left. Finally, the temperature is lowered 
such that the remaining stable crystals grow slowly for a few days at a well-
defined supersaturation. After reaching a size of 0.5 – 1 mm, the solution was 
filtered. To minimize shut-off effects, the crystals were gently dried using a 
paper tissue that absorbs the adhering solution. In this study the 
supersaturation σ is defined as σ = (c – ceq)/ceq, with c the actual 
concentration and ceq the equilibrium concentration of the stable polymorph. 
  In one run a 10% (by weight) NaI/ethanol solution was used as a solvent. 
For this experiment the supersaturation was not defined. 
 
2.2 Etching 
  Several crystals grown from ethanol solutions were etched. For that, they 
were isolated on a glass plate and covered with a small droplet of 1-methyl 
naphthalene for 6 to 12 hours. After this period the excess solution was 
removed using a paper tissue and finally the crystals were dried in air. 
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2.3 Characterization 
  The structure (i.e. stable or metastable polymorph) of the crystals was 
verified with the help of Raman spectroscopy. The setup employed 
(Renishaw System 1000) consisted of a micro-Raman spectroscope using a 
focused diode laser beam of 785 nm wavelength as the excitation source. 
  Differential interference contrast microscopy (DICM) was used to obtain an 
overview of the crystal surfaces at lower magnifications. High magnification 
images were recorded with the help of AFM. The instrument used was a 
Digital Dimension 3100 AFM operating in contact mode. In all cases both 
height and deflection (error signal) images were mapped simultaneously. The 
set point force of the SiN AFM tip was adjusted to the lowest possible value 
for which a satisfactory image could be obtained. In this way tip induced 
damage of the soft crystal surface was avoided. 
 
3 Results and discussion 
3.1 Spiral morphology 
  Figure 2a gives a global view of a ( 010 ) surface, which is imaged by DICM. 
The crystal was grown from an ethanol solution at supersaturation σ = 0.24. 
Numerous shallow, lozenge shaped, growth hillocks with ridges roughly 
pointing towards the )1(10 and 01)1(  faces of the crystal can be seen. The 
two-fold rotation symmetry of the hillocks agrees with the 2D point group 
symmetry 2 of the ( 010 ) face in space group P21 of the crystal. 
  Closer examination of the growth hillocks on the same crystal surface using 
AFM, identifies these patterns as growth spirals bounded by straight steps 
parallel to [100] and curved steps approximately parallel to [001] (Figure 2b). 
In other cases, truncated elliptical spirals, like those shown in Figure 3 were 
found. These spirals are bounded by curved [001] and [100] steps and are 
clipped by straight steps parallel to [101]. Schematic views of both spiral 
types are given as inserts in Figures 2b and 3a. 
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  A major problem in ex-situ AFM studies is the shut-off effect. Although 
supersaturation is well defined during growth, it is not controlled at the last 
moment of growth, when the crystals are separated from solution. For this 
reason we are not able to establish a clear relation between spiral step 
spacing and supersaturation. The observed interstep distance of the single 
spirals varied between 0.2 and 0.4 µm for the different growth runs with 
applied supersaturations ranging from σ = 0.1 to 0.5. However, we observed 
that spirals tended to show the truncated elliptical shape at lower 
supersaturations, whereas for higher supersaturations the lozenge shape 
prevailed. 
  Neglecting interlacing and other step splitting patterns, which will be 
elaborated in the next section, the step height of all the observed spirals is 4.0 
± 0.2 nm. This height, measured by AFM, corresponds with a total layer 
thickness d010, which is identical to the length of the b-axis, b = 4.121 nm. 
This implies that the Burgers vector's screw component of the central 
dislocation is 0]1[0
)(−
. In a number of cases also multiple spirals and Frank-
Read type of growth centers, the latter generating closed loop step patterns, 
were observed as a result of closely separated dislocations (Figure 4).  
a 
b 
Figure 2: Morphology of growth 
hillocks on the ( 010 ) faces of the 
stable polymorph of the 7αMNa 
steroid grown from ethanol 
solution (σ = 0.24):  
 
 
(a) Overview of growth hillocks 
(DICM);  
 
 
 
 
 
 
 
 
 
 
(b) Individual lozenge shaped 
growth hillock imaged at higher 
resolution (AFM image, 
50x50µm2). Inset: schematic view 
showing step directions and 
interlacing trajectories. 
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Figure 3: (a) Truncated elliptical spiral showing symmetry induced interlacing. The central 
dislocation is marked by a hollow core (AFM image, 7x7 µm2); (b) Schematic view explaining 
the interlacing pattern. The symbols X, Y, X′, Y′ denote individual d040 unit layers. The first 
symbol of a step comprising multiple unit layers represents its lowest d040 layer. 
 
  In addition to spirals, isolated steps emerging from screw dislocations amidst 
a row of steps were often found as well (indicated by arrows in Figure 4). The 
central dislocations of nearly all spirals and isolated steps are marked by 
hollow cores21,22, visible as submicron spots on the AFM topographs. Two-
dimensional nuclei were never observed. 
 
a b 
Figure 4: Single and multiple 
spirals, closed loop step 
patterns (insert) and isolated 
steps (indicated by arrows) 
emerging from screw 
dislocations amidst a step 
train on a ( 010 ) surface with a 
high density of screw 
dislocation outcrops. All the 
screw dislocations are dotted 
by a hollow core (AFM image 
30x30 µm2). 
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Figure 5:  Truncated elliptical spiral on the ( 010 ) face of a 7αMNa crystal grown from a 10% 
NaI/ethanol solution: (a) AFM image, 20x20 µm2; (b) Schematic view of interlacing pattern. 
 
  On average, the spirals show a preferred rotation sense. This suggests that 
screw dislocations of one sign are energetically favored with respect to the 
opposite sign. The preferred occurrence of one type of screw dislocation 
agrees with the fact that for the point group 2 of the 7αMNa crystals 
dislocations with opposite Burgers vectors b = [010] and b = [ 010 ] are not 
related to each other by symmetry. 
  Adding 10% NaI to the ethanol solution gives truncated elliptical spiral 
patterns with an interesting interlacing pattern, which will be discussed in 
section 3.2. Compared to pure ethanol solutions the spiral shape is somewhat 
less elongated (Figure 5). On the contrary, the elliptical spirals grown from 
pure methanol solutions are much more oblong in shape, because the 
truncating steps parallel to [101] are absent (Figure 6). In comparing spiral 
shapes one should realize that the supersaturation is not known for the NaI 
and methanol cases. 
  In brief, the shape of the growth spirals on ( 010 ) 7αMNa depends strongly 
on the supersaturation but also on impurity addition and solvent. All spirals 
are bounded by curved or straight [100] and [001] steps and in many cases 
also by straight [101] steps. In addition, practically all spirals show interlacing 
and/or step splitting, which makes the patterns more complicated. 
a b 
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3.2 Step splitting and interlacing patterns 
  The monoclinic structure of the stable polymorph of the 7αMNa crystal is 
composed of a periodic stacking of four densely packed layers of molecules 
in the ac plane, XYX'Y', each 1/4 |b|, or d040 thick (Figure 1a). The layer pairs 
XY and X'Y' are related to each other by the 21 axis parallel to b. The layers X 
and Y (and thus also X' and Y') are not related by symmetry. From this point 
of view the lowest possible steps on the ( 010 ) face correspond with a slice 
d040, which is 1.030 nm thick. The step sources are invariably dislocations 
with screw component b = [010], which emit steps of height d010, i.e. four unit 
slice thicknesses d040 for each spiral turn. This configuration provides 
potential for both symmetry induced interlacing, whereas the 21 axis dictates a 
regular splitting of the d010 steps into two d020 steps as well as incidental 
interlacing, involving d040 steps. 
 
  The AFM topograph of Figure 3a shows a truncated elliptical spiral with a 
clear, symmetry induced, interlacing pattern. A thorough treatise on the 
interlacing phenomenon is given in reference 16. Here we only discuss the 
specific case in brief (Figure 3b). At the spiral center the d010 step splits 
immediately into two d020 steps XY and X'Y', which are 180° out of phase. 
Probably this is due to entropy repulsion at the dislocation outcrop, where the 
step spacing is extremely small. The propagation velocity, vst(θ) of the two 
d020 steps, XY and X'Y', is orientation dependent.  
Figure 6: Elliptical spiral on the ( 010 ) 
face of a 7αMNa crystal grown from a 
supersaturated methanol solution 
(AFM image, 20x20 µm2). 
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Figure 7: Detailed AFM images of the spiral shown in figure 3, showing step splitting by 
entropy repulsion. (a) Splitting of the unit-cell-height steps parallel to [101] into one step of 
height d040 and one step of 3d040. In the encircled region the 3d040 step splits into one d020 and 
one d040 step (AFM image, 4.2x4.2 µm2). (b) Splitting of unit cell height steps parallel to [100] 
into two half height d020 steps (AFM image, 3.9x3.9 µm2). 
 
 
  Because of the 21 screw axis, the lateral anisotropy of XY step advancement 
is identical, but 180° rotated as compared to the X'Y' steps, i.e. vst(X,Y)(θ) = 
vst(X'Y')(θ+180°). So, if for a given direction vst(X'Y') is faster than the step 
velocity of the XY step ahead, the X'Y' step will collide forming a d010 step 
XYX'Y'. Here layer XY is below X'Y'. However, 180° rotated the situation is 
exactly reversed as a consequence of the 21 screw axis. The XY step is 
fastest and collides against a slower X'Y' step forming a X'Y'XY step. The 
transition between both d010 step types is only possible by local step splitting 
into two d020 substeps XY and X'Y' forming an interlacing pattern. This takes 
place along the interlacing trajectory as shown in Figure 3. This trajectory, 
indicated in the inset of Figure 3a is about 15° off from the [101] direction. 
  Interlacing induced by the 21 screw axis was observed for practically all 
spirals, although in a number of cases the step splitting was not clearly visible 
due to a high density of undulated steps. The splitting always sets in at the 
center of the spirals. The spiral grown from the ethanol solution with 10% NaI 
additive shows a very wide interlacing trajectory, covering an angle of about 
90° (Figure 5). 
Y′XY 
XY Y′ X′ 
X′
a b 
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Figure 8: Splitting of the unit-cell-height steps into four d040 steps at the centre of a growth 
spiral. After one turn of the spiral, the four d040 steps merge into two d020 steps. (a) AFM 
image, 3x3 µm2; (b) Schematic representation of the step patterns. 
 
 
  Apart from symmetry induced interlacing, AFM also often revealed additional 
splitting up of the d010 steps. For instance, close examination of the [101] 
steps of the elliptical spiral of Figure 3 shows splitting of X'Y'XY steps into one 
d040 X' step and one 3d040 Y'XY step, which at one place again splits into a 
d040 Y' step and a d020 XY step (Figure 7a). Separation was also found for the 
steps parallel to ∼ [100]. Here the d010 step splits into two closely separated 
d020 steps as shown in Figure 7b. This step splitting is not an artifact 
introduced by a double AFM tip.  Similar and other variations of such step 
splitting were also observed for many of the other spirals investigated. One 
spiral showed a complete splitting of a d010 layer into four isolated d040 steps, 
which merge into two d020 steps after the first turn of the spiral (Figure 8). In 
not a single case did step splitting, not dictated by symmetry, lead to 
interlacing. So, incidental interlacing was not observed. The step splitting 
discussed here results from entropic repulsion between adjacent steps23-25. 
As can be seen from the AFM topographs, the steps show a considerable 
meandering. This prohibits a faster moving step from joining completely a 
slower moving step ahead of it, thus forming a higher step. 
   
a b 
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Table 1: Periodic bond chains in the P21 7αMNa 
crystal, which are confined within the d040 growth layers 
X and Y of the ( 010 ) face. In this case the PBC's 
consist of only one bond, connecting growth units in 
adjacent unit cells. 
 
 
 
 
 
 
  An important conclusion that can be drawn is that d040 is the unit layer 
thickness that determines crystal growth. Steps higher than d040 only develop 
by collision of faster d040 steps with slower ones ahead. Therefore in 
analyzing the growth properties of the ( 010 ) face of the 7αMNa crystal in 
terms of periodic bond chains, one has to consider the four d040 layers as unit 
slices. 
 
3.3 Step orientations and PBC directions 
  AFM clearly proves that the ( 010 ) face of the stable polymorph of 7αMNa is 
an F-face. The observed unit growth layer thickness is d040, which 
corresponds to one molecule layer. According to the Hartman-Perdok theory, 
step directions on an F-face are parallel to the Periodic Bond Chains (PBC's) 
that are confined within the unit growth layer (slice) of this F-face26-30. For 
( 010 ) 7αMNa we can consider two symmetrically independent d040 slices X 
and Y. The other two slices within the unit cell, X' and Y', are related by 
symmetry. We only consider PBC's that are restricted to the observed slice 
thickness d040. Using the crystal graph (network of bonds) and bond energies 
determined by Boerrigter et al.31, we come to four PBC directions for each 
layer X and Y:  [100], [001], [101] and [ 011 ], the last being by far the weakest 
(Table 1). This result agrees with the AFM observation that [100], [001] and 
[101] are the preferred step directions. 
PBC layer
bond energy 
kcal/mol 
[001] X -6.29 
[001] Y -7.65 
[100] X -6.00 
[100] Y -6.28 
[101] X -2.49 
[101] Y -3.78 
01]1[ X -0.63 
01]1[ Y -0.68 
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  Interesting is the fact that, although the [101] steps are the fastest 
propagating ones, they are always straight. This indicates that the kink 
density is lower, i.e. kinks are less easily formed, but, on the other hand, the 
incorporation rate of the growth units into the kink positions is higher as 
compared to the generally curved [100] and [001] steps. 
 
3.4 Dislocation patterns 
  In a number of cases the dislocation density is very high and leads to 
complex patterns of multiple spirals as shown in Figure 4. One can recognize 
single spirals, closed loop Frank-Read step patterns, multiple spirals and 
"spirals" associated with short dislocation arrays. The centers of the spirals 
are marked by hollow cores, which are introduced by the dislocation stress 
field21,22. The diameter is about 102 nm. All hollow cores are either related to a 
spiral center or to an isolated step emitted amidst a step train. No additional 
cores are found. The hollow cores are a consequence of the very high 
Burgers vector length of the screw dislocation, which is 4.1 nm. Since the 
hollow core radius is proportional to the squared value of the Burgers vector 
length at σ ≅ 0 21,22, it is clear why such hollow cores are only observed for the 
screw dislocations. The edge dislocations with b = [u0w], (u, w = 0 or 1) have 
a much smaller Burgers vector length of ≅ 0.66 nm, so the elastic stress field 
and thus the expected hollow core diameter is about 40 times smaller as 
compared to the screw dislocation. This radius of 2–3 nm is too small to be 
detected by the AFM used in our study.  
  To verify the dislocation density, the ( 010 ) surfaces were etched using  
1-methylnaphthalene. This results in numerous etch pits, the density of which 
is somewhat higher than the density of the growth hillocks (Figure 9). This is 
explained by the fact that part of the screw dislocations do not generate spiral 
hillocks as can be seen in Figure 5. It seems that pits generated by edge 
dislocations, which should occur in a far higher number as a result of their 
lower line energy, are overwhelmed by steeper pits originating from the screw 
dislocations. The parallelogram shaped pits are bounded by straight [100] and 
[001] steps, the [001] steps being slowest. No [101] steps were found. 
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Figure 9: Etch pit pattern on the ( 010 ) surface of a 7αMNa crystal after slight dissolution in  
1-methylnaphthalene. (a) Overview imaged by DICM; (b) Detailed view of one pit mapped by 
AFM (20×20µm2). 
 
 
 
4 Conclusions 
  We have studied the surface morphology of the ( 010 ) face of the stable 
polymorph of the steroid crystal 7αMNa by using AFM. In contrast with the 
opposite face (010) of the polar crystal, which is rough, this surface grows 
layerwise involving steps of unit-cell-height and lower. The steps originate 
from dislocations with screw component 0]1[0
)(−
, leading to single and multiple 
spirals. Unlike the edge dislocations, hollow cores ≈ 100 nm wide mark the 
surface outcrops of the screw dislocations. Depending on supersaturation, 
impurity content and/or solvent, the spirals can take on a lozenge or a 
truncated elliptical shape bounded by curved or straight steps parallel to the 
PBC directions [100], [001] and [101]. Two-dimensional nuclei were not 
observed. 
  Closer examination of the spiral patterns reveals splitting of the unit cell 
height steps d010 into lower steps of height d020 and d040. This step splitting is 
introduced by: (i) symmetry induced interlacing imposed by the 21 screw axis 
perpendicular to the ( 010 ) face and (ii) entropy repulsion preventing adjacent 
steps from merging. It is shown that the basic growth layer thickness is d040, 
which agrees with the four-layered structure of the crystal. Higher steps 
evolve by collision of faster advancing d040 steps with slower ones ahead. 
 
c
a 
0.5 mm
a b 
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Summary 
 
  Control of polymorphism is important for many applications and is especially 
relevant for the pharmaceutical industry. It was recently discovered that 
epitaxial nucleation of one polymorph on a specific crystal phase of another 
form can play a role in the formation and conversion of polymorphs. In this 
thesis a detailed study is presented on this polymorphic epitaxial nucleation 
for a steroid called 7αMNa that has two known polymorphic forms. 
  The influence of a solvent on the morphology of the steroid crystals is 
treated in chapter 2. The attention is focused on the two opposite {010} faces 
that, due to their different growth rates when grown from different solvents 
(like methanol or acetone), determine the polar morphology of the crystals. It 
is shown that the solvent can hamper or promote the crystallization differently 
when interacting with two opposite faces. The phenomenon is explained by 
using results of Molecular Dynamics simulations. 
  In chapter 3 the epitaxial nucleation of the metastable polymorph of the 
7αMNa steroid on the (010) face of the stable form is studied. It is shown that 
the 2D barrier of epitaxial nucleation is lowered as compared to the 3D barrier 
for nucleation. It is also shown that the nucleation of the metastable 
polymorph on the opposite ( 010 ) surface occurs at higher supersaturation as 
compared to the one needed for the nucleation on the (010) surface, or does 
not occur at all depending on the solvent.  
  By comparing the solubility of the steroid in two different solvents it was 
observed that the metastable zone width for epitaxial nucleation is a function 
of the solubility of the compound in different solvents: the higher the solubility, 
the lower the threshold observed value for the 2D epitaxial growth of the 
metastable polymorph. The life-time of the metastable polymorph in solution 
is also affected by the solubility in different solvents: the higher the solubility, 
the faster the polymorphic transformation into the stable polymorph. 
  Chapter 4 deals with the reverse process, that is the epitaxial nucleation of 
the stable polymorph on a specific face of the metastable polymorph and the 
complex phenomenon of concomitant polymorphism. It is shown that the 2D 
barrier for nucleation of the stable polymorph is lowered as compared to that 
of 3D nucleation, as the stable polymorph is using a specific face (namely the 
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(010) face) of the metastable polymorph as template for crystallization. An 
important conclusion of this study is that for low supersaturations for the 
metastable polymorph, Ostwald’s rule of stages in 2D does not hold.  
  By studying the life-time of the metastable polymorph in solution, it is shown 
that both polymorphs can co-exist (i.e. grow) in solution.  A theoretical 
polymorphic phase diagram is derived and the phenomenon of concomitant 
polymorphism is explained. Some practical applications of the heterogeneous 
epitaxial polymorphic nucleation are presented. 
  The experimental results presented in the first chapters led to the conclusion 
that the two opposite {010} surfaces of the polymorphs of the 7αMNa steroid, 
acting as templates for epitaxial polymorphic nucleation, needed to be 
analysed closely. Therefore, in chapter 5 the (010) face of the stable 
polymorph is studied in-situ and ex-situ. It is shown that the (010) face and 
faces with nearly the same orientation are rough faces, unlike the opposite 
( 010 ) face. It is concluded that the epitaxial nucleation of the metastable 
polymorph leads to self-poisoning of the (010) face. The conclusion is 
strengthened by the results of vacuum experiments that show that the 
crystals of the stable form have a polar habit. 
  In chapter 6 the ( 010 ) face of the polar crystals of the stable polymorph is 
studied ex-situ using various techniques. It is shown that this face grows via a 
spiral growth mechanism. No 2D nucleation was observed to occur on this 
face, even for relatively high supersaturation. 
  The symmetry induced and the accidental interlacing patterns of the spirals 
are analysed, also taking in consideration the effect of the solvent, the 
supersaturation and added impurities (in this case inorganic compounds, i.e. 
NaI). The thickness of the corresponding growth layers and the step 
directions of the spirals found experimentally agree well with the crystal 
structure and the directions of the strongest Periodic Bond Chains. 
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Samenvatting 
 
  Kennis van en controle over de vorming van polymorfe vormen van een 
kristallijne verbinding is belangrijk voor toepassing van kristallisatie, vooral in 
de farmaceutische industrie. Recentelijk is ontdekt dat epitaxiale nucleatie 
van een polymorfe vorm op een specifiek kristalvlak van een andere polymorf 
een belangrijke rol kan spelen in de vorming en omzetting van polymorfen. In 
dit proefschrift wordt een gedetailleerde studie van een dergelijke polymorfe 
epitaxiale nucleatie beschreven voor een steroïde met de verkorte naam 
7αMNa. Deze verbinding vertoont twee polymorfe fasen. 
  In hoofdstuk 2 wordt de invloed van het oplosmiddel waaruit de kristallen 
groeien op de morfologie bestudeerd. In het bijzonder wordt aandacht 
besteed aan de twee {010} kristalvlakken die als gevolg van een 
verschillende groeisnelheid, die afhangt van het oplosmiddel (in dit geval  
methanol dan wel aceton), aanleiding geven tot een polaire morfologie. 
Aangetoond wordt dat het oplosmiddel, door een verschillende interactie met 
de twee kristaloppervlakken, de groei zowel kan versnellen als hinderen. Dit 
verschil wordt aangetoond door Moleculaire Dynamica simulaties. 
  Het onderwerp van hoofdstuk 3 is de epitaxiale nucleatie van de 
metastabiele polymorf van 7αMNa op het (010) vlak van de stabiele vorm. 
Hier wordt aangetoond dat de 2D epitaxiale nucleatiebarrière lager is dan de 
3D nucleatiebarrière. Bovendien wordt aangetoond dat de epitaxiale nucleatie 
van de metastabiele polymorf op het tegenovergelegen ( 010 ) vlak pas bij 
hogere oververzadiging plaatsvindt of, afhankelijk van het oplosmiddel, zelfs 
achterwege blijft. 
  De epitaxiale nucleatie bleek afhankelijk van de oplosbaarheid van 7αMNa 
in verschillende oplosmiddelen; des te hoger de oplosbaarheid, des te lager 
was de drempelwaarde van de oververzadiging voor de 2D epitaxiale 
nucleatie van de metastabiele polymorf. Daarnaast bleek ook de levensduur 
van de metastabiele epitaxiale poymorfe laag verschillend in verschillende 
oplosmiddelen; des te groter de oplosbaarheid, des te sneller de omzetting 
van de metastabiele polymorf in de stabiele vorm. 
  Hoofdstuk 4 behandelt het omgekeerde proces, dat wil zeggen de epitaxiale 
nucleatie van de stabiele polymorf op een specifiek kristalvlak van de 
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metastabiele polymorf. Dit proces is beschouwd in het licht van de gelijktijdige 
vorming van twee polymorfe vormen, in de literatuur bekend als concomitant 
polymorphism. Hier wordt aangetoond dat de 2D nucleatiebarrière voor de 
stabiele polymorf voor 7αMNa lager is dan de 3D nucleatiebarrière. Dit is een 
gevolg van het feit dat de epitaxiale nucleatie gebruik kan maken van een 
gunstig specifiek kristalvlak, namelijk het (010) vlak van de metastabiele 
polymorf. Een belangrijke conclusie van deze studie is dat voor lage 
oververzadigingen voor de metastabiele polymorf de veel gebruikte regel van 
Ostwald voor polymorfen niet langer geldt. 
  Door de de levensduur van de metastabiele polymorf in oplossing te 
bestuderen is vervolgens aangetoond dat beide polymorfen tegelijkertijd 
kunnen groeien in een oplossing. Uit deze waarnemingen is een polymorf 
fasediagram geconstrueerd en geïnterpreteerd in termen van concomitant 
polymorphism. Daarnaast wordt een aantal praktische toepassingen van de 
waargenomen heterogene epitaxiale polymorfe nucleatie gegeven. 
  De experimentele resultaten van de eerste vier hoofdstukken gaven 
aanleiding tot verdere bestudering van de twee polaire kristalvlakken (010) en 
( 010 ) van 7αMNa. Daartoe wordt in hoofdstuk 5 het (010) vlak van de stabiele 
polymorf in detail bekeken, zowel in-situ als ex-situ. Aangetoond wordt dat het 
(010) vlak, evenals vlakken met nagenoeg dezelfde oriëntatie, ruw zijn, dit in 
tegenstelling tot het tegenoverliggende ( 010 ) vlak. Uit de waarnemingen volgt 
de conclusie dat de epitaxiale nucleatie van de metastabiele polymorf 
aanleiding geeft tot een zelfvergiftiging van het (010) vlak. Die conclusie 
wordt versterkt door waarnemingen van kristalgroei van 7αMNa uit de 
dampfase waaruit blijkt dat ook in dat geval kristallen van de stabiele polymorf 
een polaire morfologie hebben. 
  In hoofdstuk 6 wordt het ( 010 ) vlak van de polaire kristallen van de stabiele 
polymorf ex-situ bestudeerd met verschillende technieken. In dit geval werd 
geen 2D epitaxiale nucleatie gevonden, zelfs niet voor relatief hoge 
oververzadigingen. De op deze kristalvlakken waargenomen interlacing 
patronen zijn geanalyseerd en bleken in overeenstemming met de 
kristalsymmetrie en afhankelijk van het oplosmiddel, de oververzadiging en 
een opzettelijk toegevoegde verontreiniging, NaI. Zowel de hoogte van de 
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groeilagen als de oriëntatie van de stapranden van de spiralen bleken 
overeen te komen met de sterkste Periodic Bond Chains in de 
kristalstructuur. 
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